Design, manufacturing and testing of smart beams with EFPI strain sensor for damage detection by Sim, Lay M
Loughborough University
Institutional Repository
Design, manufacturing and
testing of smart beams with
EFPI strain sensor for
damage detection.
This item was submitted to Loughborough University's Institutional Repository
by the/an author.
Additional Information:
• A Doctoral Thesis. Submitted in partial fulﬁlment of the requirements for
the award of Doctor of Philosophy of Loughborough University.
Metadata Record: https://dspace.lboro.ac.uk/2134/13207
Publisher: c© Lay May Sim
Please cite the published version.
 
 
 
This item was submitted to Loughborough University as a PhD thesis by the 
author and is made available in the Institutional Repository 
(https://dspace.lboro.ac.uk/) under the following Creative Commons Licence 
conditions. 
 
 
 
 
 
For the full text of this licence, please go to: 
http://creativecommons.org/licenses/by-nc-nd/2.5/ 
 
University Library 
n El Loughborough 
":::::1 University 
AuthorlFiling Title ....... $~.~ .......................................... . 
........................................................................................ 
, 
Class Mark ............. ::t ................................................... . 
Please note that fines are charged on ALL 
overdue items. 
! .--------,---------,-------! ' 
Iltnilililillillll 11111 I 1111 1111 1111111 

Design, Manufacturing and Testing of Smart Beams 
With EFPI Strain Sensor for Damage Detection 
by 
Lay May Sim 
A Doctoral Thesis 
Submitted in partial fulfilment of the requirements 
for the award of 
Doctor of Philosophy of Loughborough University 
6 November 2003 
© by Lay May Sim 2003 
----------------
ABSTRACT 
This thesis aimed at the development of a fibre optic strain sensor-based damage detection 
and evaluation system (FODDAS) based on the composite beams. EFPI strain sensors 
were used with their integrity being assessed. Their performance, either bonded on the 
surfaces or embedded was examined extensively. They were shown to be adequate and 
reliable for strain measurements. Through-the-width damages were simulated by 
artificially-embedded delaminations, which were located at several through-the-thickness 
locations, each with two different sizes. The overall design considerations were guided by 
ply stresses and strains which were estimated by using the modified classical lamination 
theory (CLT). Considerable efforts were devoted to assessing the through-the-thickness 
mechanical behaviours of the beams containing optical fibres in three-point bending and 
short beam shear (SBS). They involved various optical fibre orientations with respect to 00 
plies / longitudinal axis and at various through-the-thickness locations, each with different 
number of optical fibres. The understanding of these behaviours paved the way for the 
evaluation of the beam-based FODDAS. Smart preconditioned beams were subjected to 
the quasi -static loads whose magnitudes and locations were required to be well controlled. 
The viability and effectiveness of the beam-based FODDAS was evaluated in terms of 
strength and strain obtained by the embedded sensor as well as the surface-bonded strain 
gauges via the cross comparison of ten cases. For the strength, each beam was 
incrementally loaded up to the ultimate failure either in three-point bending or SBS. After 
each increment, the beam was unloaded and inspected for damage. For the given locations 
of EFPI-SS and artificial delamination as well as the sizes of the latter, it was found that 
the embedded EFPI-SSs were capable of picking up the stiffness degradation when the 10-
mm as well as the 20-mm delamination was located at the 29-30 ply interface in the tensile 
region of a 32-ply quasi-isotropic carbon/epoxy smart composite beam. It was speculated 
from single tests results that the propagation of the embedded delamination of the 
sufficient size was able not only to be detected but also to be monitored by the sensors. 
Keywords: EFPI strain sensor, damage detection, three-point bending, short beam 
shear, mechanical properties, smart composite, optical fibre 
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Chapter 1 Introduction 
1.1 Why We Need a Damage Detection and Assessment System 
In the past three decades, applications of carbon fibre-reinforced composites to 
aeronautical structures have become increasingly important in the aerospace industry. The 
use of these advanced structures have proven to offer significant advantages because of 
their high strength and specific stiffness, as well as excellent corrosion and fatigue 
resistance. Although cost of this lightweight material has lowered substantially in recent 
time, the susceptibility of these structures to damage due to the lack of reinforcement in the 
through-the-thickness direction still imposes significant restrictions. Detrimental barely 
visible damages created by low-energy impact from dropped tools are a particularly case, 
and it could significantly degrade structural performance due to induced interior 
delamination. Delamination is an important form of damage in composite as it could 
significantl y reduce the load capability of the composite if left undetected. Although 
reliable structural analyses are usually carried out during structural design stage to take 
into account such situations, they could not prevent accidental damages during service 
from occurring to the composite structure. 
A number of conventional non-destructive evaluation (NDE) techniques [1] such as x-ray, 
ultrasonics, radiography and thermography that have been used for damage detection in 
composite structures. However, they are relatively expensive and require the structural 
components of complex geometry to be taken out of service for a substantial length of time 
for post damage inspection and assessment. In addition, they generally require priori 
knowledge of the damage location before they can be effectively used. For continuous and 
in situ monitoring of realistic structures, the use of surface-bonded resistive foil strain 
gauges offers a potential method [2]. Nevertheless, strain gauges (SGs) are susceptible to 
electromagnetic and electrical interference in addition to physical damage. In particular, 
they are less effective for monitoring interior delamination. Although the acoustic emission 
method could be used instead, it suffers from the low signal-to-noise ratio [3]. Further 
discussions on both of these in-situ monitoring methods and the aforementioned 
conventional NDE techniques were given in Section 1.2. 
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Fibre optic sensors on the other hand have the proven strain measuring capability [3-20] 
with such characteristics as lightweight, small size, immunity to electromagnetic 
interference and capacity for multiplexing sensors in a single optical fibre. They can be 
easily integrated into composite structures to produce so called smart composite structures 
so as to access interior material and structure locations where other sensing methods 
cannot easily probe. Embedded fibre optic sensors have proven to perform in the same way 
as either non-embedded sensors in terms of failure stresses [21] or resistive foil strain 
gauges in tension and compression [22], although there are stress and strain concentrations 
around the embedded fibre optic sensor [23]. These built-in sensors can thus be used not 
only for continuous real time structural condition monitoring but also for a reduction of the 
degree of structure overdesign in addition to improving safety. Hence, they can be 
eventually be developed into fibre optic damage detection and assessment systems 
(FODDAS) to evaluate the effects of impact damage [24-60] or damage induced by quasi-
static loads [25,29,48-49,61-95] on the structural performance. The key to the development 
of FODDAS relies on achieving these three objectives. First, the sensing system must be 
able to determine a threshold level in which damage can be defined if detectable. Second, 
it must be able to determine the location of the damage event. Third, it must be able to 
delineate the damage type and quantitatively assess the severity of damage events. Two 
main methodologies have been developed to achieve these objectives and they are fracture 
and non-fracture of the fibre optic sensors, which will be discussed in the following. The 
fuller and detailed review of the whole field could be found in [96]. 
1.2 Major Available Non-destructive Techniques for Damage Detection 
Common NDE techniques include foil resistance SOs, piezoelectric, acoustic emission 
(AE), ultrasonics, radiography, thermography, electric resistance change and fibres optic 
sensing. Table 1.1 [97] provides a summary of each technique. 
Foil resistance strain gauges 
Modem resistance foil SO measures deformation from the change in electrical resistance of 
the grid, as shown in Fig. 1.2.1. This well established technique has a sensitivity of 0.2% of 
strain measurements. However, they cannot be successfully embedded because of the 
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defonnable nature of the polymer foil and are restricted to surface bonding. In addition, the 
complexity of wiring harnesses may further restrict their applications. 
Grid Alignment 
marks 
Solder i.;;;;';;-H---"':: 
tabs 
Thin foil 11~1~~~~li 
Lead wires 
Pig. 1.2.1 A single-element conventional strain gauge 
Piezoelectric technique 
Piezoelectric ceramics or polymers measure defonnation via generation of electrical 
signals in response to applied mechanical stresses. Presence of any defects within the 
composite structure usually produces variation in such electrical signals of these 
piezoelectric materials, which could be observed over a large frequency spectrum. There, 
the nature [98-101], location [98,102-104] and size [101-102,105-106] of the damage 
could be identified. Two common materials used in this technique are polyvinylidene 
fluoride (PVDP) and lead zirconate titanate (PZT). PVDP materials are lightweight, tough, 
low stiffness and flexible [98,105]. PZTs materials on the other hand are brittle and stiff 
but are usually preferred because they are insensitive to far-field strains. Nevertheless, the 
large size (10-20 mm) of the piezoelectric sensors can make embedding difficult. 
Acoustic emission (AE) 
AE technique is based on the emission of elastic waves due to sudden released of elastic 
energy from the cracking of the deforming laminated structure. These emitted stress waves 
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can be detected via coupling medium by using piezoelectric transducers, which are 
positioned on the structure surface. The captured signals are processed by using an 
appropriate instrumentation to provide information on the locations and nature of damage. 
The damage location may be determined by measuring the arrival times of the stress waves 
from a linear or triangular array of AE sensors [107-108], while the severity may be 
distinguished from the amplitude distribution of the released energy [109-111]. The 
occurence of delamination could produce a higher acoustic emission response compared to 
matrix cracks. 
Although the AB technique has been used for on-line monitoring purposes [ll2-113], the 
size of the transducers made embedding as well as an accurate interpretation of the stress 
waves signals difficult. The AE stress waves originated from the damage region may be 
altered as they propagate towards the transducer. This stems from the fact that the original 
signals may have been affected by surrounding noise within the structure and/or the 
efficiency of the transducer. As a result, detecting and discriminating failure modes may 
not be straightforward. Another unfavourable feature of the AB technique is that the size of 
the damage [112-114], and any existing non-propagating damage [115] may not be 
detected. 
Ultrasonic 
One of the most common techniques of detecting damage in composites is ultrasonic C-
scan. This technique provides information on the size [116] and shape [ll7] of damage. 
The ultrasonic waves are usually introduced into the laminate through a perpendicular-
positioned transducer via water coupling agent. By measuring the waves transmitted 
through and reflected back from the composite, a state of damage can be determined. 
Usually, the received ultrasonic waves are converted into electrical energy by the receiving 
transducer and are displayed in coloured contours. Although the ultrasonic technique has 
been widely used, it is not capable of providing information on initiation and growth of 
damage [46]. It requires dismantling of structure and coupling medium must always be 
used between the transducer and the structure, which can be cumbersome. 
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Radiography 
Radiography is one of the oldest NDE techniques and provides the advantage of detecting 
interior damage. The damage information on the structure is revealed on a photographic 
image by exposing the specimen surface to a radiation source such as x-ray. Because of the 
thickness variation or differences in absorption characteristics, damage regions in the 
structure are represented by excessively dark areas on the photographic image. In addition, 
fibre alignment and material abnormalities such as voids that are orientated perpendicular 
to the material surface can be detected. However, this technique can only detect features 
that have appreciable size with respect to the thickness in a direction parallel to the 
radiation beam. Their ability to detect planar discontinuities in composites such as cracks 
or delaminations are limited but can be improved by introducing zinc iodide liquid 
penetrant into the inspected damage area [118]. Occasionally, a small pinhole is drilled to 
allow the penetrant to flow into the laminate so that interior delaminations could be 
detected. Even so, the high toxic penetrant restricts its application to laboratory use only. 
Another unfavourable feature of this technique is that its application is limited by the 
structure shape being inspected. 
Thermography 
Thermographic technique uses thermal colour fringes to detect damage in laminated 
structures. In this technique, an external source is used to provide heat to the laminated 
surface so that subsequent thermal transients created through the laminate can be viewed 
using an infrared camera. The thermal image fringes formed provides information on the 
interior defects or anomalies in the underlying laminated structure. Depending on the 
thermal conductivity difference between the laminate and damage, the latter can be clearly 
defined via coloured fringe patterns. From these developed thermal images, the shape 
[119-120] and size [119,121] of the damage could be estimated. However, the location of 
the damages generally needs to be predetermined so that heat can be applied efficiently. In 
particular, excessive heat could damage resin if repeated heat pulses are used, each with 
the temperature of beyond 100°C. 
Electrical resistance change technique 
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The electrical resistance change measurement is a self-monitoring technique that uses the 
electrical conductivity of the reinforcing carbon fibres as a sensing element for damage 
detection [122-124]. This sensing technique does not require expensive instrumentation for 
detection. Instead, an array of electrodes securely bonded onto the surface of the laminated 
composite with exposed carbon fibres is sufficient to determine the variations in electric 
resistance in both the longitudinal and transverse directions. Owing to the continuous 
current flow along the fibres, the magnitUde of electric resistance change is low in an 
undamaged structure for both the longitudinal [125-127] and transverse directions 
[123,126,128]. When fibre fractures, that would result in an increase in the electric 
resistance change. From the magnitude [125] and direction [129] of the change, the nature 
of the damage may be determined provided the electrodes are positioned at multiple 
locations along the laminated surface. Importantly, these electrodes must be properly 
aligned with respect to the carbon fibres [130]. Although the location and size of damage 
could also be estimated, additional techniques such as mapping of resistance changes [128] 
or surface response [124,131] are required which increases the cost of the system. Besides, 
a prior knowledge of the laminate stress regions is necessary for this technique to be 
useful. 
Optical fibre sensors 
Optical fibres can be used as sensors to interrogate the integrity of laminated structures 
using the changes in the transmitted light characteristics. A single optical fibre of a central 
silica core is surrounded by an annular silica cladding with a protective coating, as 
illustrated in Fig. 1.2.2. It can also be made from plastic materials [78,132-133]. Light is 
usually guided within the central core of an optical fibre by the means of total internal 
reflection. A lower refractive index of the concentric cladding ensures that the guided light 
is contained within the fibre core of a higher refractive index along the optical fibre length. 
When an optical fibre deforms due to strain, optical properties of the light waves travelling 
along the fibre core are modulated accordingly through the modification of the optical path 
length of the lightwaves and refractive index. These changes can be manifested in 
intensity, wavelength, phase, or state of polarisation. With the basis of these optical 
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properties, enonnous numbers of fibre optic sensor types have been developed and they 
were discussed briefly in the next section. 
Single-mode Fibre Multimode Fibre 
Coating 
Cladding -~ 
Core 
Fig. 1.2.2 Schematic of optical fibres 
The optical property used for sensing is dependent on the number of light waves, which are 
also known as modes. The number of light wave modes travelling through an optical fibre 
is dependent on the product between the core diameter and refractive indices. If an optical 
fibre has a core diameter of about 10 !-tm, only one mode of the light wave is guided for a 
given refractive index and this is tenned a single-mode (SM) fibre. On the other hand, an 
optical fibre with a core diameter ranging from 50 !-tm or more can accommodate a larger 
number of modes simultaneously and is tenned a multi-mode (MM) fibre. Both fibre types 
have been widely used in constructing individual fibre optic sensors, although SM fibre 
provides higher sensitivity because of its smaller core. However, fibre optic sensors that 
used SM optical fibres such as fibre Bragg gratings are only able to sense a local area of 40 
or 50 mm away from the sensors location [134]. Conversely, MM fibre optic sensors are 
able to offer larger sensing area but with low accuracy. 
Optical fibres and associated sensors have some advantages over other NDE techniques. 
Unlike conventional SOs, optical fibres are immune to electromagnetic disturbances and 
therefore eliminate the need for costly and heavy shielding during monitoring. Their 
lightweight and relatively small size characteristics have made them well suited for 
integration in laminated structures. In addition, they have the ability to operate effectively 
over strain ranges well in excess of 1 % [135] and are able to provide continuous in-situ 
monitoring without the need of removing the structure from its loading environment. 
Although the overall diameter of an optical fibre is between 120 !-tm to 300 !-till, no 
significant abnonnal thickness differences between areas with and without embedded 
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optical fibres in a laminated structure were observed [136]. Besides, some developments 
on optical fibres with an overall diameter of 521lm [19,56,137-140] have been reported to 
improve integration. In addition, the optical fibres themselves have a strain-at-failure value 
that is comparable with that of the reinforcing fibres of the host laminate [141-144]. Owing 
to these useful features, optical fibres and associated fibre optic strain sensors were 
selected for damage detection in the present work as discussed in the following. 
1.3 Fibre Optic Sensors 
In the development of FODDAS, the local and/or global changes in strengths and stiffness 
created by the damage in smart structures are measured via in-situ strain measurements 
using the associated optical properties of the fibre optic strain sensors. Generally, 
FODDAS must be custom built for particular host structures along with specific loading 
and deformation requirements with essential features such as (i) a fibre optic point or 
network sensing subsystem, (ii) data gathering and processing subsystem and (iii) 
interactive interpretation of processed data and predictive subsystems. Another important 
feature is the operational strategy of FODDAS. If the sensors within FODDAS required to 
be active all the time and assuming that they are not to fracture, this requires a power 
supply to be continuous and uninterrupted. 
In the development of FODDAS, it is essential to be familiar with various major types of 
fibre optic sensor and associated optical properties that are employed to measure strains. 
As mentioned earlier, types of fibre optic strain sensor are dependent on the parameters of 
the light waves being modulated. Fibre optic strain sensors can also be classified into either 
intrinsic or extrinsic. In an intrinsic fibre optic sensor, the sensing is performed within the 
fibre itself when geometrical deformation causes refractive index or wavelength change 
from the original state. The basic types of intrinsic-based fibre optic sensors include 
intensity, phase, polarization, and wavelength modulated sensors. Their respective 
measuring methods are summarised in Table 1.2 [145]. In the case of extrinsic fibre optic 
sensors, the optical fibres are used only to convey the light to and from the measuring 
region. 
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With the existence of a variety of fibre optic sensors ranging from intensity to 
interferometric or polarimetric, selecting an appropriate sensor for reliable strain 
measurements or damage detection could be critical. It is generally expected that sensors 
need to be near the damage to obtain reliable response [146]. On the other hand, a 
sufficient strain resolution must be available if the sensor is placed at some distance away 
from the damage. Fortunately, all the individual fibre optic sensors that are discussed in the 
following have a general strain resolution of higher than 1 !lE [5]. In some applications 
[31,147], the level of strain sensitivity was improved by using serpentine design fibre optic 
sensors. 
Other aspects that must be considered during the selection are the number and type of 
measurement points. If a single point of measurement is required, a localised sensor is 
preferred. This sensor type determines the strain over a segment of the optical fibre and is 
similar to the conventional SO. On the other hand, an appropriate high density of 
measuring points maybe required for monitoring strain in a relatively large realistic 
structure. This can be achieved via multiplexing in either a quasi-distributed 
[15,24,40,43,49,53-54,60,75,88,148] or fully distributed sensing network [32,51,53,66], in 
which a network of individual sensing points can be selected along the individual fibre 
optic sensors. In such configuration, each sensor can be isolated by wavelength, time or 
frequency discrimination, thereby allowing the real-time profiling of the strain through the 
laminated structure to be achieved. 
1.3.1 Intensity-based strain sensor 
An intensity-based sensor provides a simple, robust and low cost method for strain 
monitoring. It is based on a modulation of light intensity and measures strain by the losses 
in the reflected light intensity along any portion of the optical fibre. Intensity-based sensors 
can be constructed using either SM or MM fibres, though the latter are preferred as they 
provide greater intensity. Particularly, they could be useful in network sensing because of 
the low cost in constructing and operating the sensing system. However, significant 
damage that may occur in the structure may not be detected because of the high breaking 
strain of the optical fibres. Nevertheless such limitations can be overcome by surface 
treating the optical fibres to reduce its strength and diameter [149] but at the expense of 
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sensor simplicity. Furthermore, they can provide only qualitative rather than quantitative 
post damage detection information [48] and are highly susceptible to light fluctuations 
associated with microbending [150] which in turn will provide erroneous strain readings. 
Additionally, they also suffer from the lead-fibre sensitivity or the lack of a clear defined 
sensing region [151]. Attempts were made to minimise these disadvantages such as by 
redesigning the intensity-based sensor [68,73,89,91,152,154] or embedding the sensor 
under pre-defined tension during curing to eliminate the microbend effects [68] but with 
additional equipment cost. 
1.3.2 Interferometric sensor - general 
An interferometric sensor measures the induced mechanical strain by the phase change in 
the light waves propagating in either a SM fibre or developed between two single optical 
fibres. It provides high sensitivity for strain measurement, which is very useful in 
evaluating the effects of damages on the host structural performance. Three types of 
interferometric sensors used for damage assessment of composite structures are Mach-
Zehnder, Michelson and Fabry-Perot. 
Mach-Zehnder interferometric sensor 
Light source Sensing fibre 
Specimen 
Reference fibre 
Recombining 
coupler 
Fig. 1.3.1 Schematic of a Mach-Zehnder interferometric sensor 
Detector 
:> 
A Mach-Zehnder interferometric sensor requires two single optical fibres that act as 
reference and sensing fibres respectively, as illustrated in Fig. 1.3.1. The sensing fibre is 
embedded in the host structure while the reference fibre is not but is protected from any 
stress fields. When the smart structure is deformed, it causes a change in the phase or path 
length of the light propagating through it. Upon recombining the reference and sensing 
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beams, a relative phase difference between them is observed, which is related to the 
applied strain. Although Mach Zehnder interferometric sensors are very sensitive to strain, 
the fact that the reference fibre cannot be embedded makes the use of such a sensor 
impractical. Besides, localisation of the sensing region is difficult because the whole 
sensing fibre length response to strain. 
Michelson interferometric sensor 
A Michelson interferometric sensor operates in a similar manner to a Mach-Zehnder sensor 
except both the sensing and reference optical fibres are embedded in the host composite 
and are typically about lcm apart, as illustrated in Fig. 1.3.2. The differential path length 
forms a localised sensing region as small as Imm between the mirrored ends of the two 
parallel fibres. The reflected light propagates along the similar path as the incident light, 
which provides a higher sensitivity compared to Mach-Zehnder because the light path is 
twice as long. However, Michelson sensors are vulnerable to noise interferences [155-156] 
and require phase preservations at the fibre-host interface. Additionally, the location of the 
sensor is dependent on the coupling survivability between the two optical fibres. 
Light source 
Specimen 
... ~ ::> Fibre coupler :> Sensing fibre I t 
¥ Or.-~: ~_:c:=r-=:=::-~:~> ";::~=i:~--rti cm 
Detector Reference fibre Mirro~d ends 
Fig. 1.3.2 Schematic of a Michelson interferometric sensor 
Fabry-Perot interferometric sensor 
Having two single optical fibres embedded in the host laminate introduces greater intrusion 
and for this reason the Fabry-Perot interferometic sensor is preferred. An intrinsic Fabry-
Perat (!FP) sensor is fabricated from a single optical fibre in which two fusion-spliced 
parallel reflective mirrors that are perpendicular to the axis of the fibre form a localised 
sensing region. The reflective mirrors could be either both internal [157-158] or one 
internal and the other at the end ofthe optical fibre [4,159], as illustrated in Fig. 1.3.3. The 
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reflected beams from both mirrors interfere at the lead in/out fibre to provide a sinusoidal 
intensity variation of the applied strain field. Although the !FP sensor provides a higher 
sensitivity [160] and measurement resolution compared to Mach Zehnder, a potential 
coupling with transverse strain [161] and being sensitive to ambient temperature 
fluctuations may cause difficulty in a strain interpretation. In addition, fusion splicing the 
internal mirrors could significantly weaken the spliced cross sections of the optical fibres 
[162], especially if they are close to each other. Nevertheless, !FP had been used in a few 
applications [159,161]. 
~=~~~:»:=~F~I~'b~re~co~u~p~le:r~Le~a~d~_~in/~O~U:!!tJf~ib~r~e.4.";S~e~n:!sl~·n~g~l';eg~i~o~n 
Specimen 
Light source 
~ ____ ..... t==~> -<=== 
Detector Index matching liquid 
Semi-reflective Mirrored end 
mirror 
Fig. 1.3.3 Schematic of an intrinsic Fabry-Perot interferometric sensor 
1.3.3 Extrinsic Fabry-Perot interferometric (EFPI) sensor 
Unlike !FP sensor, an extrinsic Fabry-Perot interferometric strain sensor (EFPI-SS), as 
shown in Fig. 1.3.4, has two optical fibres housed within a hollow glass tube by either 
fusion splicing or adhesive bonding. A typical tube has a length of 3-100 mm, and an outer 
diameter of up 300 JAm, fractionally greater than that of the optical fibres. The mirrored 
ends of two optical fibres, one acting as a lead-in/out fibre while the other acting as a 
signal reflector, must be perpendicular to the fibre axis and are separated by an air gap 
length of between 10 J.lm to 100 JAm. The two optical fibres in the sensor can be SM, MM 
or a combination of both. Occasionally, the sensitivity of the sensor was improved by 
depositing the mirrored ends with metal or dielectric films [163]. The sensor measures 
strain from the change in air gap length, which is related to a phase change between the 
lead-in/out fibre and reflecting fibre. This change modulates the intensity of the light 
monitored at the end of the output fibre and can be observed as a sinusoidal function of the 
air gap length. 
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EFPI-SS has a unique inherent characteristic of being insensitive to temperature [164-165] 
and polarisation. This feature is due to the formation of an air gap length between the 
optical fibres. Furthermore, as the air gap is confined within a glass tube, the sensor is 
immune to transverse stress [11,164-165]. Hence, this eliminates any misinterpretation of 
the strain induced by strain coupling. Additionally, the sensor has a high failure strain up to 
1.4% [156] with the capability of measuring small strain variations (less than 300 nm) 
[141]. A broadband light source could be used to illuminate the EFPI-SS so that a precise 
and an absolute strain measurement [83,166-170] can be obtained. This type of sensors are 
known as absolute EFPI (AEFPI) and are not only immune to intensity fluctuations and 
variations of the light source but do not need a reference signal. This implied that any of 
the support electronics may be switched off without losing information on its reference 
signal. In order to determine the corresponding applied strain, the absolute cavity length of 
the AEFPI sensor needs to be measured from the peaks [171] of a wavelength- dependent 
intensity-modulated reflection spectrum recorded by a spectrometer or an optical spectrum 
analyser. The period and amplitude between each consecutive peaks of the reflection 
spectrum are used to determine the direction of the applied strain. If the period becomes 
shorter and a decrease in amplitude is observed, this signifies that the sensor experiences a 
tensile strain while a longer period and an increase in amplitude indicates that the sensor is 
subjected to compressive strain. 
Fusion splices 
Input signal 
Hollow glass tube Fibre 
cladding 
Multi-mode fibre core 
r- Gauge length -I 
Fig. 1.3.4 Schematic of an extrinsic Fabry Perot interferometric (EFPI) sensor 
Because of the physical discontinuity between the tube and the lead in/out fibre of EFPI-
SS, an in-line fibre etalon (lLFE) sensor, a variant ofEFPI, was developed [9,36,172]. An 
ILFE sensor is fabricated by fusing splicing the mirrored ends of the two optical fibres 
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onto a hollow tube of a same dimension. This type of sensor offers a failure strain of up to 
1.96% [156]. Although the ILFE sensor provides the advantage of gauge length 
geometrical continuity, its relative short length makes fabrication difficult [47,141,173]. 
1.3.4 Fibre Bragg grating (FBG) sensor 
Generally, FBG sensor consists of a SM optical fibre with a set of intermittent reflective 
Bragg gratings along the length of the fibre, as shown in Fig. 1.3.6. The gratings are 
written into the surface of the core by exposing the side of the fibre to two ultraviolet laser 
beams [157]. They offer a periodic modulation of the refraction index of the optical fibre 
core and thus act as the region of sensing. A typical FBG sensor used for strain sensing has 
a grating or sensing length of 1 to 20 mm long. 
Gratings Specimen 
Light source 
~~ =~~~~:;>==~~F~i~b~re~c~o~u~p~le~r~==~~~:~>;====f~~~~~r' ¥= <: I.. ~I 
Fig. 1.3.6 
Optical spectrum 
analyser Light dump 
Schematic of a Fibre Bragg grating sensor 
Sensing region 
The sensing principle of FBG sensors relies on both sensitivity of the average index of 
refraction of the core and its grating pitch. When a broadband light source is transmitted 
into the sensor, a narrow reflection signal proportional to the periodic modulation is 
produced. The narrow reflection signal has a peak wavelength known as the Bragg 
wavelength which is the product between the index of refraction and the grating pitch. 
When an embedded FBG sensor is subjected to the external load, induced changes in 
wavelength can thus be related to mechanical strain. 
A distinct advantage of FBG sensors is that they have the capability of producing up to 10 
sensor strain points along the fibre for mUltiplexing. This can be achieved during 
fabrication by having the pitch spacing of the gratings individually controlled in such a 
way that the wavelength shift of a series of individual FBG sensors can be recorded. 
Similar to AEFPI, the FBG sensors are immune towards intensity variations due to 
discrepancy associated with calibrations and connection losses [54]. Although having a 
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high failure strain of up to 2% [174], the measured strains are of three-dimensional nature. 
Thus, careful analysis of the output is needed to correctly extract axial strain [155]. In 
addition to being sensitive to temperature variations, the method selected to demodulate 
the optical signals affect the dynamic range and resolution of the FBG sensor. 
1.3.5 Polarimetric sensor 
A polarimetric fibre optic sensor is an integrated sensor that is based on a SM fibre or a 
high birefringence fibre elliptical core two-mode birefringent polarisation-preserving 
optical fibre. The birefringence is induced either by a residual strain field across the core or 
by an asymmetry in the core geometry. The former is achieved by introducing different 
materials into the cladding, thereby creating a 'bow tie' element [32,38,51,61,77,175] or 
two side holes [32,38,92,149], whereas the latter is achieved by adopting an elliptical 
shape of the fibre core [28]. When a linearly polarised light is launched into a birefringent 
fibre, the existence of the birefringence in both types of optical fibres divide the light into 
two eigenmodes and allow them to travel along two orthogonal axes at different phase 
velocities. The difference in the velocities defines a state of polarisation (SOP) of the light 
wave and the variations induced by the external load can then be related to mechanical 
strains. Although the entire fibre can be used for sensing, the localised sensing region of a 
polarimetric sensor can be formed by either two in-line splices, as shown in Fig. 1.3.7(a), 
or one in-line splice and a reflecting mirrored end, as shown in Fig. 1.3.7(b). 
A polarimetric sensor is less sensitive compared to an interferometric sensor. However, it 
has high transverse strain sensitivity, which could be used for determining the location of 
impact [149]. In particular, this type of sensor offers considerable potential of being 
developed into a sensor network [38,43,51,156,176,177]. The major disadvantages of this 
sensor are high cost, complexity of the system, low axial strain sensitivity [178] and the 
measured strain being of a three-dimensional nature. 
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Fig. 1.3.7 Schematic of (a) in-line splice, and (b) single-ended polarimetric sensor 
1.3.6 Fibre optic sensor network 
In large smart composite structures, the extent of damage can be determined from a state of 
induced stress or strain measured via sensor network. Although several in-depth general 
reviews on fibre optic sensor networks have been published [177,179-181], their 
application to damage detection and assessment are limited. A straightforward approach 
way of forming a sensor network is simply to employ orthogonal arrays of intensity-based 
sensors at different ply interfaces [24,182-183]. With sufficient number of optical fibre 
meshes, large thick composite structures could be assessed. However the equipment cost 
could be high as multiple points are required for data acquisition. Alternative optical sensor 
network is from either a quasi-distributed or a fully distributed sensor system. Both these 
systems provide the advantage of using a single light source, which may be an 
improvement in terms of cost saving. 
Quasi-distributed sensor network 
If a number of pre-determined locations along the fibre are formed, the sensor array is 
called a quasi-distributed fibre optic sensor (QDFOS), as illustrated in Fig. 1.3.8(a). In this 
type of sensor network, pre-determined sections were created from fusion splicing 
[177,184], path length differences [32,38,43,88,177] or FBGs with known reflectance 
wavelengths [53-54,57,60,156,185]. The identification of these sections can be performed 
using optical time-domain reflectometry (OTDR), wavelength division multiplexing 
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(WDM) or coherence division multiplexing (CDM). For example, the OTDR technique 
requires that a light pulse is launched into a single optical fibre, and is partially reflected 
back to the same fibre end from a number of partial reflectors along the fibre length 
[177,179-180,185-187]. The round-trip delay time of the light is used to determine strain. 
The individual sensors within a network can be arranged in either series topology [186] in 
Fig. 1.3.8(a), parallel topology [14] as illustrated in Fig. 1.3.8(b) or a combination of both 
[15,184] as illustrated in Fig. l.3.8(c). The series topology in a reflective arrangement 
seems simpler to implement but may experience power-related difficulty for the sensors 
being located far away from the light source. Particularly, if anyone of these sensors 
breaks down, the entire sensor network could be interrupted. Additionally, there are only a 
limited number of sensors that can be multiplexed due to the consideration of optical 
bandwidth and/or strain range. On the contrary, the parallel topology allows individual 
sensors to be replaced in case of malfunction but each sensor suffers from power 
deficiency and requires additional equipment costs to implement. 
Fully distributed sensor network 
For the fully distributed fibre optic sensor (FDFOS) network, the sensing locations can be 
formed at any points along the optical fibres. These points of reflections are imperfections 
at the interface between the core and cladding. When the extemalload on the optical fibres 
causes changes in the magnitude of the reflected signal, mechanical strains can be 
extracted using one of the aforementioned multiplexing techniques. While maintaining all 
the advantages of individual point sensors, FDFOS is capable of providing a spatial 
distribution of mechanical strain along the sensors. Obviously, these types of sensor 
network seem to offer a considerable potential in damage assessment in the future 
[156,177]. The only available information that demonstrates FDFOS used in damage 
detection is based on polarimetric sensors [3,51]. The position of multiple sensing points 
along the optical fibres of about two metres was located by measuring the time delays of 
the two orthogonal eigenmodes in conjunction with the use of the interferograms of a 
monochromatic source. 
An ideal consequence of using QDFOS or FDFOS networks is to provide sufficient strain 
data to enable the spatial strain distribution to be synthesized across the loaded smart 
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structures via numerical models. These models must be simple to apply compared to those 
large-scale numerical modules such as computational artificial neutral networks (ANNs) 
and inverse models formulated in the finite element method, which will be briefly 
discussed in Section 1.4.2. However, there is little evidence of studies where this approach 
is being attempted. 
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Fig. 1.3.8 Illustration of (a) quasi-distributed sensor system, (b) parallel multiplexed sensor 
system, and (c) combination of both serial and parallel multiplexed sensor system. 
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1.4 Fibre Optic Damage Detection and Assessment Systems 
As mentioned earlier, the development of FODDAS consists of three fundamental 
objectives. The ability of achieving these objectives are dependent on several factors. They 
include the orientation and distance of the sensors with respect to the loading direction 
and/or location, number of sensors used, the host laminate lay-up and methodology used. 
In most published works, these factors were studied using prescribed damage placed at 
known locations in either simple beams of rectangular cross section or rectangular plates. 
In simple beams subjected to quasi-static loading, the locations of the fibre optic sensors 
were often not critical provided the direction of the loading was in plane [49,63-64,66-
68,73,75,81,93,188], for instance in a coupon tensile test. On the contrary, for the beams 
loaded in the transverse direction as in three- or four-point bending, the sensors were 
usually embedded in locations away from the neutral plane of the beams [61,70,72,74-
75,77,189-190]. For rectangular plates, the sensors were located away from the neutral 
plane as most works were based on impact loading [24-25,27,30-32,34,37,39,40,42,44-
45,47,51-52,55,57], though quasi-static loading [48,65,90] was also reported. Filament 
wound composite tubes [46,48,134] and other realistic structures [43,51,53-
54,115,155,191-192] were also examined. 
Although monitoring and detecting damage from an accessible and known location can be 
achieved routinely, optical calibration of the intact smart structures are necessary to 
provide information on a state of stress/strain within them. This is essential because when 
damage occurs in a smart structure, a change in the local and/or global strengths and 
stiffness is usually observed due to the significant level of local strain concentration or 
anomalies created. By comparing a state of strain with that of those intact specimens, an 
indirect indication of the damage in the host composite structures can be known. However, 
the sensors must be located near the region where damage occurs for this technique to be 
effective. In some applications, the variations of stiffness [46,48-49,68,86-87,91,193] or 
applied load [68,77,194] were instead measured for assessing damage. 
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Assessing either stiffness, strain or applied load, the method selected for detecting damage 
depends on whether the sensing optical fibres need to be fractured or not. Both fracture and 
non-fracture approaches are well established in assessing the effect of damage. An earlier 
review of research up to 1993 for detection and assessment of damage using the fracture 
approach of embedded optical fibres is available in [195-196]. A brief overview can also 
be found in [3,146,156,178,197]. A recent comprehensive review is available in [96]. 
1.4.1 Method based on fracture of optical fibres 
In general, fracture approach is the simplest and yet reliable technique for damage 
detection. This methodology uses on two orthogonal arrays of optical fibres embedded 
close to the loading surfaces of the smart structures at different ply interfaces. In an event 
of damage, optical fibres in the immediate vicinity of the loads would suffer loss in the 
light signal due to excessive local bending stress [24-26,31,46,59,62,68-
69,84,86,140,183,189]. Based on the generation of either a complete or a partial drop in the 
light intensity, it is sufficient to determine the severity of the damage as well as to confirm 
if the composite structure had reached its damage threshold level 
[31,46,78,85,91,140,189]. Damage in the form of matrix cracks or fractures of reinforcing 
fibres could cause either a complete or partial fracture of nearby optical fibres, which in 
turn correspond to a complete interruption or partial drop of the transmitted light, 
respectively. The damage sensitivity of these embedded optical fibres can be furthered 
increased by intermittent etching along the sensing length, and the longer the etch time, the 
lower the threshold level for their fracture [46,155,198]. In some applications, the reverse 
was used, in which the fracturing of optical fibres emits light [46,48,52,59,191,199]. In 
such conditions, additional instruments are used to produce an estimate on the severity of 
the damage [52,59]. 
The success of the fracture approach relies on the good understanding of the damage 
mechanisms with regards to the orientation and location of the fine meshes of the optical 
fibres in the lamination plane. In the event, optical fibres were positioned between non-
collinear plies, the optical fibres should be orientated perpendicular to the ply closest to the 
maximum tensile surface or orientated as such they were bisected at the largest angle 
between both adjacent plies. In any case if damage did not occur at regions at which the 
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fine optic meshes were embedded, these optical fibres acted as an intrusion to the smart 
structure. However from the limited data available [31,159,196,200-201], there seemed to 
be no significant effect irrespective of the optical fibre diameter and orientation. Yet, a 
larger damage area could occur when an optical fibre diameter became greater than 250),lm 
[196,159,201] or when the optical fibres were bisected at 45° between adjacent plies in a 
cross-ply laminate [200]. 
The existence of the optical fibres in the lamination plane may also imply that damage 
such as delamination may not be easily determined in this fracture approach alone. 
Additional method like image-enhanced backlighting is usually required to be used in 
combination with the fracture approach so that the shape and severity of the damage can be 
determined [27,62,195]. In some cases where translucent composite system are used, a 
mapping of the damage was carried out by using back or front lighting. This would allow 
the growth of the damage at the same sites to be monitored by either applying repeated 
impacts at varying impact energies [46,48] or a quasi-static loading [202]. 
The locations of the broken sections of embedded optical fibres could be revealed only 
through a postmortem inspection assisted with additional equipment. This is particularly 
useful for optical fibres embedded in translucent composite systems such as Kevlar/epoxy 
[27] or glass/epoxy [46,48,52] as the requirement of precise positioning of the optical 
fibres can be relaxed. For triboluminescent fibre optic sensors [59,52], the damage location 
can be defined from the bleeding light and at the same time, the sensors can be pre-treated 
so that the damage threshold level can be determined. However, in both conditions, a large 
number of sensors are required and they must be strategically positioned to ensure accurate 
identification. Unfortunately, for carbon/epoxy composite structures, fracturing of 
embedded optical fibres may not provide direct information on their damage locations. 
Obviously, detecting damage using the fracture approach can be used only once, in 
particular for laminated structures subjected to transverse loading. However, the 
inexpensive intensity-modulated sensors with average sensitivity can be still deployed 
especially in smart structures with complex geometry. In addition, the instrumentation 
costs are comparatively low as the damage detection systems need not be on standby mode 
all the time. 
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1.4.2 Method based on non-fracture of optical fibres 
In principle, the non-fracture approach is based on detecting damage using the optical 
fibres sensing capabilities. All the individual sensors described in Sections 1.3.2-1.3.5 or 
sensor networks in Section 1.3.6 are expected to be used in this manner. This approach 
allows damage of an unknown location to be determined. However, the remote strain 
responses from individual sensors offers no direct information on the level of stress or 
strain at the damage sites. As a result, the FODDAS needs to establish a spatial distribution 
of strains within the host composite structure using multiple strain measurements. 
Most research works have determined the severity of damage according to the basis of 
empirical relationships established between the optical signal variations and an input-
related parameter such as impact energy. For smart structures under impact loading, the 
size of damage was estimated using the amplitude variations of EFPI-SS [44] or the peak 
wavelength variations of FBG sensors [57-58]. Growth of damage induced by repeated 
impacts at the same sites could also be monitored from the optical signal variations 
[31,53,58]. Under quasi-static loading, growth of delaminations were examined by using 
the intensity ratio of the two wavelength peaks in the spectrum of FBG sensors [79,203-
204], recorded extension of the embedded optical fibre of a Mach-Zehnder sensor [72], the 
signal characteristics of EFPI-SS [80] or the amplitude variations of a Michelson sensor 
[205]. This non-fracture approach was also used to determine the transverse crack densities 
using the reflection spectrum width of a FBG sensor [81,206-207]. 
In the non-fracture approach, the location of damage can be determined directly by using 
delayed arrival time data obtained from either placing an array of individual sensors in a 
known location or a multiplexed sensor network. The time delays between respective 
sensors were usually evaluated by means of two techniques, which were the acoustic 
triangulation scheme and sensor network. The triangulation scheme measures the arrival 
times from at least four individually addressed sensors with known wave velocities in host 
laminates. Upon loading such as impact, the damage locations were determined by 
applying the scheme to the delay of arrival times [30,34-35,37,42,44,62,208]. The major 
advantage of this scheme is that the number of sensors required to locate the impact sites is 
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low and simple to use. However, the large errors in the measurement of wave velocities 
and arrival times due to the orientation of reinforcements [208], especially in complex 
structural configurations, limits this technique. For the sensor network technique, the 
sensors record the strongest responses, and the impact locations are then estimated by 
comparing the monitored signal variations between before and after the damage events. 
Both QDFOS [38,40,43,53-54,57,60,88] and FDFOS [43,51,53] were employed with the 
reflectors serially multiplexed. FBG sensors multiplexed through WDM [53,54,57,60] 
seem to be a preferred choice, although EFPI-SS multiplexed through either OTDR [40] or 
CDM [88] were also used. The only FDFOS multiplexed through WDM used polarimetric 
sensors in which the positions of perturbation along the fibres were determined by using 
the time delays of two orthogonal eignemodes. The damage locations of the impact were 
then determined by comparing the interferograms of a monochromatic source before and 
after the impact events [3,5,38]. 
Information regarding using the non-fracture method to distinguish damage mechanisms is 
very limited. Available results showed that the nature of damage may be estimated from 
the signal amplitudes recorded from EFPI sensor embedded either in tensile coupons 
[63,83] or plates under impact loading [44]. Fracturing of reinforcing fibres was believed 
to provide higher signal amplitudes than matrix cracking if both were located at the same 
distance from the sensors. Most published works had prescribed delaminations inserted and 
then loaded quasi-statically. In fact, all of them used additional instrumentation to 
characterise the predetermined delaminations. They include a non-embedding piezoelectric 
transducer in conjunction with EFPI-SSs [67,88]; a moving load of fixed magnitude 
applied to a cantilever beam containing a single Mach-Zehnder sensor [72]; the use of 
measured applied force through a single polarimetric sensor [74,77]; the acoustic emission 
method with a Michelson sensor [29,196,205]; a speckle pattern interferometry instrument 
with a polarimetric sensor [175] and image-enhanced backlighting in the fracture approach 
with a large number of intensity-modulated optical fibres [27,62]. 
1.4.3 Current commercial sensing systems 
Commercial fibre optic sensing systems developed so far measure strains on realistic 
structures such as masts fitted on boats [192,209] or spars of military aircrafts [192,210]. 
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Among the companies that have successfully designed such systems are Smart Fibres Ltd 
[209] and British Aerospace Systems [210], in which they relied on multiplexed FBG 
sensor network to provide information regarding the structural strains. However, the usage 
of these commercial sensing systems was limited to load monitoring only. 
1.5 Outline of the Current Research Project 
The current research project was mainly focused in designing and developing an embedded 
fibre optic strain sensor-based damage detection and assessment system (FODDAS). Based 
on the aforementioned review, the EFPI sensors were selected in the present project to 
detect damage via strain sensing approach. This consideration stemmed from the 
requirement that the EFPI-SS is insensitive to temperature and transverse strain so that 
confidence of strain readings could be obtained. Furthermore, they are relatively cheap and 
easy to construct, and the system itself is self-calibrating, highly sensitive and produces a 
real-time on-line output. 
In the earlier part of the study, a significant emphasis was placed on assessing the through-
the-thickness mechanical behaviour of the beams containing optical fibres in three-point 
bending and SBS. A large number of optical fibre-ply orientations and at various through-
the-thickness locations, each with different number of optical fibres were studied. Together 
with the knowledge of these behaviours and design consideration issues such as ply 
stresses and strains which can be estimated using modified CLT, a beam-based FODDAS 
system could be formed. 
As the EFPI-SS performance was very important in ensuring the success of FODDAS, 
comprehensive study involving designing of EFPI-SSs was carried out. In this part of the 
study, a method used to construct a EFPI-SS was established. In addition, issues relating to 
the manufacturing of smart specimens with embedded EFPI-SSs were also considered. 
Particularly, emphasis was placed on ensuring the sensor performance would not be 
affected in any way during the curing as well as mechanical loading of the smart beams. 
The designed beam-based FODDAS system was validated by subjecting the smart beams 
to quasi-static loading. A quasi-static loading was favoured compared to short-duration 
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impact loading as it provides a better control of repeated deformation associated with the 
selected levels of the loads applied incrementally as well as locations to simple beams. The 
effectiveness of the system was evaluated using strength and strain measurements obtained 
by the embedded EFPI-SSs as well as the surface-bonded strain gauges in which their 
responses were compared with one another. The evaluation was first carried out by having 
EFPI -SSs surface bonded onto smart beams and test them in both cantilever and three-
point bending. In this way, the sensor performance in tenns of its maximum tensile strain 
could also be established. Smart beams were then preconditioned with artificial 
delamination of two different sizes, 10 mm and 20 mm in which they were embedded in 
two main through-the-thickness locations so that damage could be simulated. With varied 
preconditions, the embedded EFPI-SS were used to assess the effect of embedded 
delamination based on two sections (i) on the effect of artificial delamination on the 
bending stiffness, and Cii) effect of delamination on the bending strength as well as 
interlaminar shear CILS) stress. In the former, a change in bending stiffness with respect to 
an intact beam for the given embedded location and size of the delamination was examined 
under three-point bending. In the latter, each beam was incrementally loaded to ultimate 
failure either in three-point bending and SBS. After each increment, the beam was 
unloaded so that it could inspected for damage. 
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Table 1.1 Major NDT techniques used for composites [97] 
Methods Typical detects Reliability Sensitivity Speed Convenience Cost 
detectable 
Conventional Delamination Good Good but not Fair Good, need High if a 
foil strain provided able to smooth large 
gauge good bond distinguish surface number 
damage mode 
Piezoelectric Debonding, Good Good but Good Poor, need Moderate 
delamination provided suffer from for couplant 
good bond hysteresis 
Acoustic Cracks, Good Good for Good Good, easy Low 
emission (AB) delamination, provided detection to undertake, 
damage the system damage restrictions 
propagation is well set- accumulation on specimen 
up within size and 
specimen shape 
Ultrasonic Delaminations, Good if Very good for Good Poor, need Low 
porosity, cracks, automated delamination, for couplant 
inclusions, fibre inclusions, 
alignment, voids, 
curing state porosity 
Radiography Inclusions, fibre Good Good for Good Poor, need Moderate 
alignment, fibre inclusions, for screening 
alignment, translaminar 
voids, cracks 
Thermography Delaminations, Good Moderate for Good Fair High 
bonding defects, provided delamination 
inclusions heat source and inclusions 
suitable and but not 
images applicable to 
obtained other defects 
over 
suitable 
time range 
Electrical Delamination, Good Dependent on Good Good but Low 
resistance matrix cracking, the continuity limited to 
fi bre fracture of the laminates 
reinforcing with 
fibres chains conductive 
fibres only 
Optical fibres Delamination, Good Good for Good Embeddable Low 
matrix cracking, detecting 
fibre fracture matrix 
cracking and 
delamination 
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Table 1.2 The types of modulation and their respective modulation method [145] 
Modulation 
Intensity 
Wavelength 
Phase 
Polarization 
Ph sical mechanism 
Change in light transmission through a 
change in absorption, emission or 
refractive index 
Wavelength dependence of absorption, 
emission or refractive index 
Interference between signal and 
reference fibres 
Change in polarisation tensor 
Measurin method 
Analogue 
Comparison of the intensity 
of two wavelengths 
Fringe counting or phase 
measurement 
'-'--;-'7---:--1 
Polarisation analysis and 
corn arison of amplitudes 
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Chapter 2 Fundamentals of Optical Fibre Sensing Principles 
This chapter intended to provide a brief summary of a few optical components and 
associated jargons that will be used in later sections. No attempt was made here to provide 
in-depth discussion, and further details of these topics could be found in [211-213]. 
2.1 Optical Properties Affecting Fibre Optic Signals 
As light waves travel within the core of an optical fibre, as shown in Fig. 2.1.1, they 
experience a certain amount of disturbance that are caused by the inherent optic 
characteristics such as light absorption, scattering and variation in refractive index of the 
core material, as well as the geometrical imperfections of the fibre. Consequently, the optic 
signals attenuate or disperse. Attenuation reduces the magnitude of the light transmitted by 
the optical fibre whereas dispersion limits the bandwidth of the fibre. Bandwidth is a 
measure of the maximum range of wavelengths known as a spectrum, which the optic 
signals could be clearly defined. Wavelength defines the distance between successive 
peaks or nulls of the light waves in a unit of nanometers. 
Core 
Fig. 2.1.1 Microbend loss in an optical fibre 
Cladding 
Light 
propagation 
Attenuation affects the maximum distance that the optic signals can travel along the optical 
fibre. Significant attenuation means that the light waves could be too weak for detection, if 
not carefully considered. Depending on the operating light source wavelengths, the 
attenuation mechanism is either dominated by scattering or absorption. Scattering occurs 
for the short light wavelengths and creates a change in the light path when travelling 
through the optical fibre. It thus reduces the degree of total internal reflection at the core-
cladding boundary. Absorption occurs for the longer light wavelengths and is dependent 
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generally on a purity of the optical fibre material. Occasionally, the signal attenuation in 
the fibre is also caused by the excessive deformation such as bending as shown in Figs. 
2.1.1-2.1.2. Dispersion is the broadening of the spectrum due to the light waves travelling 
at different speeds through the optical fibre. Excessive dispersion means a decrease in the 
fibre bandwidth. Its effect magnifies with the increase of the spectral width of the light 
source, and variation of the refractive index of the fibre core material. As the length of the 
optical fibres used for the current fibre optic sensing system was relatively short, measured 
only in metres, attenuation or dispersion of signals along the fibre in the system was likely 
to be negligible. 
Macrobend 
Fig. 2.1.2 Attenuation of optical signal due to macrobend in an optical fibre 
2.2 Components For Fibre Optic Strain Sensor System 
Optical light source 
An optical light source is an important component in a fibre optic strain sensing system. Its 
characteristics have significant bearing on the performance of the system. There is a wide 
range of light sources used with fibre optic sensor systems but not all are capable of 
providing a sufficient intensity and a stable light emission. In general, semiconductor-
based optical light sources are commonly used in optical fibre sensing systems. They 
include light emitting diodes (LEDs), laser diodes (LDs) and superJuminescent diodes 
(SLDs). A brief description of each type is given below and detailed information can be 
found in [151,211]. 
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LEDs require energy of between 0.1-3 m W (miIli-watt) for emission. They provide an 
incoherent light output, which the light waves are not in constant phase, over a wide 
spectrum width. For these reasons, LEDs are limited only to MM intensity-based sensors 
[78,214], though occasionally they had been used in FBG sensor systems [81,215]. This 
type of the light source is not compatible with interferometric sensors because they are less 
accurate in general. On the contrary, LDs produce a coherent and narrow spectral width 
output at a small beam angle, which are essential requirements for both interferometric and 
polarimetric phase-shift sensing systems. The feature of the narrow spectrum width also 
allows the light to couple into the optical fibre core more efficiently, which is the 
advantage to SM fibres in interferometric sensors [29,205,216] due to the small core size 
of SM fibres. However, LDs are sensitive to temperature and require higher energy of up 
to 100 mW to emit light. In addition, they are sensitive to disturbance when operating at 
the longer wavelengths (above 1300-nm), that could prevent interferometric sensing 
system from achieving its maximum potential. 
A SLD is a so-called wide-band light source, which transmits light at 
energy less than 1 m W with greater bandwidth and resolution. Its output is not fully 
coherent but both the spectral width and the emitted beam angle are narrower than that of 
LEDs, though wider than that of LDs. SLDs are commonly used in EFPI [49,153,155,194] 
and FBG [54,79,217-218] wavelength-shift detection systems. Even though low-coherence 
sources such as tungsten halogen incandescent lamp [48,189,194] or other wide-band light 
sources [134,187,219-220] can provide similar benefits with the addition of higher 
stability, they cost more and may require recalibration. 
Other than these traditional semiconductor-based light sources, He-Ne laser gas light 
sources have also been used occasionally with both interferometric [55,76,221-222] and 
polarimetric [74,77,92,223] phase-shift systems. They provide optical power stability and 
are able to operate at long wavelengths without suffering much interference. However, 
they are expensive and require considerable level of electrical power (8 m W) for emission. 
As a whole, not all the light emitted from any light source could be transmitted to the 
optical fibre if a coupling between the light source and the optical fibre is poor. In order to 
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improve coupling efficiency, a lens can be placed in between the source and the optical 
fibre [223], or by using a source with a pre-attached optical fibre [224]. The former 
method requires accurate focusing between the light beam and the optical fibre core, which 
can be difficult with the small core size SM fibres. The latter method also known as 
pigtailed is usually preferred. This is because a good coupling between the source and the 
optical fibre can be easily achieved. Because of this, a pigtailed SLD light source was 
selected for the current fibre optic sensing system. A summary of the electrical and optical 
characteristics of the SLD used is given in Table 2.1 [225] 
Optical fibre couplers 
Main function of an optical fibre coupler is to redistribute optical signals within the fibre 
optic sensing system. The signals can be either split into multiple channels or recombined 
into a single channel. Depending on applications, couplers are characterised by the number 
of input and output ports such as Y-type, T-type, tree-type and star-type. When a single 
input optical signal needs to be divided into two outputs (1x2 coupler), a Y- or T-type 
coupler is commonly used, as illustrated in Fig. 2.2.1. Such coupler provides an equal 
distribution between the two output ports, while a T-coupler offers various combinations. 
This type of couplers has been used in Mach Zehnder interferometric sensing systems [72]. 
Fig. 2.2.1 Schematic of a Y - or T -type coupler 
If more than two output ports are required such as in a fibre optic network system, a tree-
or star-type coupler shown in Figs. 2.2.2-2.2.3 is needed. The tree-type couplers have not 
only the capability of splitting the single signal for multiple output channels but they can 
also be used to combine the signals of the multiple input channels. The star-type couplers 
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can deal with multiple input signals simultaneously and distribute them to multiple output 
ports. 
IxM Tree coupler 
.....-------
1 input port 
Fig. 2.2.2 Schematic of tree-type coupler 
Fig. 2.2.3 Schematic of star-type coupler 
Multiple input-output couplers might be essential to a sensor network [226] used in large 
structures. For the operation of a single sensor system, a simplest version of the star-type 
coupler is a 2x2 coupler, also called X-type coupler, as shown in Fig. 2.2.4. A X-type 
coupler divides a single signal from one of the input fibres to two output channels and 
recombined them again before entering into the second input fibre. Such coupler has been 
used in Michelson [29,71] and EFPI [73,88] sensing systems with the second input fibre 
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usually connected to an optical detector for signal processing. It thus was selected in the 
current fibre optic sensing system set-up. 
Fig. 2.2.4 Schematic of X-type coupler 
Optical detectors 
The output optical signals produced from a fibre optic sensor need to be converted into 
electrical signals for processing. The conversion occurs in a transducer such as 
semiconductor photodiodes, called detectors. A detector generates electrical current that is 
proportional to the intensity of the optical signals. Commonly used optical detectors are 
positive-intrinsic-negative (PIN) photodiode, avalanche (APD) photodiodes and charge 
coupled device (CCD) array. A brief description of each type is given below and detailed 
information can be found in [151,211]. 
PIN and APD photodiode detectors take the optical signals as input and generate an output 
of a linearly proportional electrical current, known as photocurrent. The result can usually 
be viewed on an oscilloscope screen. PIN photodiodes have a wide-operating wavelength 
range with a slow response time. APD photodiodes provide greater sensitivity in receiving 
the optical signals due to their inherent internal amplification feature. However, the 
internal amplification process creates interference in the output current. In addition, APD 
photodiodes are sensitive to temperature with a limited operating wavelength range. 
Occasionally, a display of the optical signals in the form of spectrum images is needed for 
structural analysis. For this purpose, CCD arrays are preferred and they are built up out of 
picture elements known as pixels. An electrical signal pattern or image is created when the 
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pixels are exposed to the intensity of the optical signals for a specific time. The advantages 
of CCDs lie in their high sensitivity, wide spectral responses, rugged design and low cost. 
This type of detectors has been frequently used in intensity-based [52,227] sensing systems 
for providing an in-situ image of the specimens during loading. In some applications, such 
as FBG-based [48,228-229] and AEFPI-based [49,153,194,224] sensing systems, CCDs 
become part of built-in signal processors in spectrometers to provide information on either 
wavelength or phase shifts of the light spectrum. This type of spectrometer with an in-built 
CCD arrays was used in the current fibre optic sensing system for generating information 
on the basis of the light spectrum profile, which will be needed in determining a state of 
deformed structure. 
Optical fibre connectors 
A fibre optic connector is often an essential physical device that allows the continuation of 
optical signals between two optical fibres or two groups of fibres. This device allows the 
transfer of the optical signals efficiently within the system at minimum loss. A basic 
structure of the connector consists of an optical fibre housed within a long thin metal 
cylinder known as ferrule shown in Fig. 2.2.5. The ferrule is protected and held in position 
by a spring-loaded case with a cable attached to its end (not shown in the figure). In order 
for the signals to travel from one optical fibre to the other, the end of the ferrule is pushed 
into a coupling device. Such coupling device, called an adapter or a uniter is shown in Fig. 
2.2.6. An adapter can also be used to allow a connection of itself to an optical fibre and is 
thus known as a bare fibre adapter. 
Axial spring Adapter or 
uniter 
Latching mechanism 
of connector body 
Fig. 2.2.5 Detailed structure of two fibre optic connectors connected using 
an adapter or a uniter 
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Fig. 2.2.6 Schematic of an adapter with two optical fibre 
connector at each end 
Many types of optical fibre connectors are available for fibre optic sensing system. They 
are identified by their plug styles such as SMA 905, ST, se, and Fe. Each plug style has 
different features and performances, and is suited for SM, MM, or both as summarised in 
Table 2.2 [213]. 
SMA 905 type is a first-generation connector and has been widely used mainly in high 
temperature environment. It is connected to a receiving component by treading. As a result, 
SMA 905 connectors can be damaged if over-tightened during connection. Another 
unfavourable feature of SMA 905 connectors is that they do not provide control over 
angular misalignment when connected and this can contribute to a high optical signal loss. 
ST connectors are designed with a spring-loaded twist-and-Iock bayonet coupling to ensure 
that both optical fibre and ferrule do not rotate if multiple connections are made. Se-type 
connectors on the other hand are designed with a push-pull locking mechanism. Besides 
preventing rotational misalignment from occurring, se connectors provide low back 
reflection loss due to their curved end ferrule faces. This feature would ensure that any 
back reflected light is directed into the cladding rather than the core of the optical fibre. 
Similar advantages are also provided by Fe connectors. However, Fe connectors have a 
tread and screw latching mechanism similar to SMA 905 connectors. Because of the 
advantages of se connectors, they were selected for the current fibre optic sensing system. 
Table 2.3 provides a summary of the se connector optical and mechanical performance 
[230]. 
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Table 2.1 Electrical and optical properties of SLD light source used in the current fibre 
optic sensing system [225] 
Parameters Minimum Typical Maximum Unit 
Peak emission wavelength 810 830 850 nm 
Beam spread angle: parallel 15 20 25 degree 
: vertical 25 35 45 degree 
Coherent length - 50 - !lll1 
Forward voltage 1.8 2.0 2.2 V 
Forward current - 100 120 mA 
Spectral radiation half bandwidth 10 15 25 nm 
Table 2.2 General specifications and applications of fibre optic connectors [213] 
Connector Insertion loss Repeatabili ty Fibre type Applications 
type applied for 
SMA905 OAO-0.80dB 0.30dB MM Military 
ST OAOdB (SM) OAOdB (SM) SM,MM Navy 
0.50dB (MM) 0.20dB (MM) 
SC 0.20-0.45dB 0.10dB SM,MM Telecommunications 
FC O.50-1.00dB O.20dB SM,MM Telecommunications 
Table 2.3 Performance specification of SC connector [230] 
Specification Performance 
Connection loss 0.2dB 
Temperature range -40°C to +75 °C 
Durability <0.2dB change after 500 cycles 
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Chapter 3 Design and Fabrication Considerations for Smart Beams 
Before fibre optic sensors could be successfully embedded in the host laminates, careful 
design was necessary to ensure that the sensors survived thermo-mechanical stress during 
cure but also mechanical loads during subsequent testing. In addition, the latter required 
the sensors to have sufficient sensitivity and range without breaking. 
3.1 Basic Requirements for Sensor Embedment 
In this section, four main issues addressed were fibre optic sensor-host bonding, factors 
affecting sensor functionality, the effects of temperature and strain coupling on an 
interpretation of sensor signals. 
3.1.1 Fibre optic sensor-host bonding 
As mentioned earlier, a good bonding between a fibre optic sensor and the host was 
essential for reliable strain information in the host laminate. The quality of the bonding 
was generally dependent on the mechanical properties of the sensor coating. A thin coating 
with a low stiffness would facilitate the strain transfer from the host to the sensor [231]. 
Similary, a thick coating with a greater stiffness provides a good strain transfer. In some 
applications [195], the coatings were removed and chemically treated so that the optical 
fibres damage sensitivity could be tailored for detecting barely visible impact damage 
(BVID). Common coatings employed in optical fibres were acrylate and polyimide. The 
fundamental difference between the two was their different maximum survivable 
temperatures. Polymide-coated optical fibres had the advantage of retaining their integrity 
beyond 400DC [173]. They provide strong interfacial strength. Conversely, acrylate coating 
had a lower endurance temperature of 100 DC [232-233] thereby providing a relatively low 
interfacial strength with the sensor. Acrylate-coated optical fibres were used to 
manufacture the EFPI-SS in the current work, as the curing temperature of 60 DC for smart 
beams should not affect the sensor-host bonding. 
3.1.2 Parameters affecting sensing capability 
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The quality of the cleaved fibre ends in EFPI and ILFE could affect their sensing 
performance. The clarity of optical signals from the sensor progressively deteriorated if the 
angle imperfection of the cleaved end faces increased [234-235]. In addition, the 
orientation and through-the-thickness location of an embedded fibre optic sensor within the 
host laminate affects the capability of the sensor in measuring bending strain. In general, 
sensors are preferably embedded in the same direction as their two adjacent plies [31,58]. 
In this way, the potential manufacturing defects such as resin eyes (see Fig. 4.3.2 in 
Chapter 4) could be avoided. However, sensors embedded at an angle with respect to one 
of its adjacent plies had also been used for detecting damage in a few published works 
[75,189,236]. A smart composite laminate subjected to transverse loading would require 
the sensor to be placed at the ply interfaces close to the specimen surfaces where the 
maximum bending strain occurs. In this way, the sensitivity of the fibre optic sensor could 
be maximised. As the smart beams in the current work were subjected to three point 
bending, this practice was carried out by embedding the EFPI-SS at the tensile through the 
thickness quarter location. The tensile quarter location was selected because utilising the 
current EFPI-SS design in the compressive region required a compromise between 
sensitivity and maximum deformation. This stems from the fact that the detecting higher 
compressive strain would lead to the decrease of the air gap to the point where the two 
fibre ends may touch. In addition, a large initial air gap length would compromise the 
sensitivity of the sensor as will be shown in Fig. 6.4.4. 
3.1.3 Temperature effect 
In measuring mechanical strain, temperature variations within the host structure could 
create notable errors during an interpretation of strain results. This effect could be 
significant in intrinsic fibre optic sensors because of the mismatch in thermal expansion 
coefficients between the sensors and the host structure [8,151,155,164,237-238]. 
Additional efforts were then required for correctly extracting axial strain which could be 
achieved with the use of conventional resistive SOs [239] or by developing special 
thermally compensated fibre optic sensors [240-243]. For extrinsic sensors such as EFPI 
and ILFE, such effect was small or negligible because the change in index of refraction for 
air due to temperature was very small [157]. 
38 
3.1.4 Strain coupling 
The inherent characteristic of axial-transverse strain coupling in intrinsic fibre optic 
sensors could complicate strain interpretations [164,244-246]. EFPI and ILFE sensors did 
not experience such effects because the sensing region of these sensors was confined 
within a glass tube and isolated from any applied transverse stress. 
3.2 EFPI-SS Design 
Designing a fibre optic sensor was one of most important part in the development of the 
fibre optic sensor based damage detection system. If a sensor was not well designed or 
manufactured, the system could malfunction thereby rendering the entire smart structure 
useless. Therefore, it was important for carefully designed sensors to survive the 
manufacturing of the smart specimen. In the present work, EFPI-SS as described in Section 
1.3.3 was used to detect damage via strain measurements. Being insensitive to the effects 
of temperature and strain coupling were the major reasons why EFPI-SSs were preferred 
for the current study. 
3.2.1 EFPI-SS tubing design and strength analysis 
The silica glass capillary tubings used in the fabrication of all EFPI-SSs were obtained 
from Composite Metal Services Ltd. These glass tubes had an inner and outer diameter of 
0.2mm and 0.3mm respectively, which provided sufficient allowance to accommodate the 
optical fibres. The polyimide coating of the tubes bonded well with the host laminate in 
addition to being stable at high temperature, as discussed in Section 3.1.1. The physical 
and mechanical properties of the glass tube were provided by the manufacturer [247] and 
are summarised in Table 3.1. 
Glass tube bending strength 
As smart composite beams were subjected to bending, the maximum bending strength of 
the sensor must match that of the host. Because the bending strength of the host was 
dependent on the mechanical properties of the glass tubing, it was necessary to find out 
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how the tube performed in bending. Although the intact bending strength of the glass 
tubing provided by the manufacturer was only 67 MPa [247], it was anticipated that its 
bending strength once embedded would be higher due to the surrounding support provided 
by the host laminate [170]. Besides, the bending strength given would allow only a 
maximum load of 84.6 N to be applied on the smart beam, which was far too low. 
To this end, glass tubings were embedded in glass/epoxy laminates at selected interfaces in 
two different QI lay-ups, as summarised in Table 3.2. The (+45/90/-45/0hs lay-up was 
used for specimens A and B, while the (+45/0/-45/90)s lay up was used for specimens C 
and D. Glass/epoxy laminates were selected because they were translucent so that the 
tubes' condition could be assessed visually. Tubes with lengths of 150 mm were either 
injected with dark blue ink for visual identification and sealed up with glue, or inserted 
with a thin metal wire before they were embedded. Obviously, the purpose of having dark 
ink inside the tube was to identify tube breakage via ink bleeding while the wire was to 
ensure no resin would flow into the tube during the curing process if the tube broke. 
After cure, it seemed that ink in a few tubes appeared to have dried up. Nevertheless, the 
laminated panels were cut into individual beam specimens, each with a single tube. The 
testing was carried out on a Mand universal testing machine. Specimens A (glass tube in 
the compressive region) and B (glass tube in the tensile region) had a nominal thickness of 
4.94 mm and the support span of 85 mm was selected to provide the nominal length-to-
depth ratio (Ut) of 17. Initially it was anticipated that these specimens would provide more 
or less equal thickness to a 32-ply QI carbon/epoxy smart beam which would be used for 
damage detection studies. Since they were relatively thick, additional specimens C (glass 
tube in the compressive region) and D (glass tube in the tensile region) were manufactured. 
They had a nominal thickness of 3.13 mm and the support span of 65mm was selected so 
that the Ut of 20 was achieved. Generally, the specimens were loaded to failure, though a 
selected number of specimens with the span length of 65 mm were loaded to 70-80% of the 
failure load. The purpose of the latter was to assess integrity of the glass tube without 
being affected by the presence of the host laminate damage. The flexural strength and 
modulus of these tests were given Tables 3.3-3.4. Here, it was assumed that the flexure 
strength experienced by the beam would be the same as the glass tube. Selected load-
displacement curves are given in Figs. 3.2.2-3.2.5. It was clear that the embedment 
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location of the glass tube had no significant effect on the flexure bending strengths of 
respective lay-ups as shown in Fig. 3.2.6-3.2.7. 
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Fig. 3.2.2 Load-displacement curve of specimen with glass tube filled with 
dark blue ink and embedded in between 4-5 ply interface 
(compressi ve region) 
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Fig. 3.2.3 Load-displacement curve of specimen with glass tube filled with dark 
blue ink and embedded in between 13-14 ply interface (tensile 
region) 
41 
0.8 
0.7 
0.6 
~ 0.5 
-g 0.4 
.3 0.3 
0.2 
0.1 
0.0 
0 1 2 3 4 5 6 7 8 9 10 11 12 13 
Displacement, mm 
Fig. 3.2.4 Load-displacement curve of specimen embedded with a glass tube 
that contains a metal wire in the 2-3 ply interface (compressive 
region) 
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Fig. 3.2.5 Load-displacement curve of specimen embedded with a glass tube that 
contains a metal wire in the 6-7 ply interface (tensile region) 
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Fig. 3.2.6 The effect of the through the thickness location of the glass tube on the 16-
ply QI glass/epoxy flexural strength 
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Fig. 3.2.7 The effect of the through the thickness location of the glass tube on the 
8-ply QI glass/epoxy flexural strength 
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Upon visual inspection, it seemed that the beams in all tests failed in the tensile region. 
Consequently, the beams with tubes embedded in the tensile region (specimens B) 
fractured which were identified by ink bleeding, as shown in Fig. 3.2.8. Although this was 
not clearly observed in specimens D shown in Fig. 3.2.9, it was assumed that the tubes 
failed too. 
Fig. 3.2.8 The ink dispersed into the glass/epoxy composite beam indicates that the glass 
tube embedded in the tensile region has fracture 
Fig. 3.2.9 Micrographs of the 8-ply QI beams with silica glass tube embedded in the 
tensile region and loaded failure. 
For specimens C and D which were loaded to 70-80% of the fracture load, fibre splitting 
was observed in the tensile region. Under an optical microscope, the fibre splitting 
propagated to about 0.5mm away from the beam tensile surface, which suggested that it 
was just about to reach the tube surface, as illustrated in Fig. 3.2.10. With the assumption 
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that the tube would fracture if the transverse cracks continued to propagate across interior 
adjacent plies, the bending stress corresponding to this load at the tube embedment 
interface could be used as a conservati ve estimate of the flexure strength of the glass tubes. 
Therefore, such estimate provided the bending stress of 528 MPa. This value was about 
eight times higher than the provided figure. It seemed to confirm that the bending stress of 
the tube was dependent on the test conditions. As the tubes would be exposed to similar 
conditions when embedded in the carbon/epoxy smart beams, the bending stress of 528 
MPa was used as the limit of the bending strength of the tube, rather than the suspicious 
data from the manufacturer. 
Glass tube 
~---------- -45 
s;:~~~ (( I -0.5mm ( ~5 
Fig.3.2.10 An illustration of the fibre splitting propagation when 
loaded to 70-80% of the fractured load 
Temperature and pressure endurance 
Besides the bending strength, the effects of temperature and pressure on glass tubes were 
also important. As the tubes were coated with polyimide, they were able to withstand the 
cure temperature of 60°C, as mentioned in Section 3.1.1. On the other hand, the pressure of 
90 Psi applied during the cure process may deform or break the tube. From post-cure 
inspections, the shape of tube was not altered in any way as shown in Fig. 3.2.11. This 
showed evidently that the tubes could survive the curing pressure. 
3.2.2 EFPI-SS design and assembly 
With the results obtained in Section 3.2.1, it was believed that the glass tube was reliable to 
be used to manufacture EFPI sensors. An EFPI sensor can be constructed by using a glass 
tube and two SM fibres [83], two MM fibres [48,73,89], or a combination of both 
[22,80,248]. As mentioned in Chapter 1, SM fibres are smaller in diameter and they 
provided the advantage of being less sensitive to bending. In addition, the degree of 
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attenuation and dispersion in SM fibres signals was much less adverse due to only one 
light wave mode was guided through the fibre. Based on these features, it was decided to 
use SM fibres in the construction of EFPI-SSs. 
Cladding ------,----+_~ 
Primary ----...:..:.-"---'i 
coating 
+----------Glass tube 
Secondary 
coating 
Fig. 3.2.11 A micrograph showing a cross-sectional view of an EFPI-SS after curing 
process. 
Coming P5020 SM optical fibres obtained from Auriga (Europe) were used in the 
construction of all EFPI-SSs. This SM optical fibre has a core and cladding diameter of 
8.2 f,lm and 125 f,lm respectively, as shown in Fig. 3.2.12. The optical fibre was covered 
with a dual acrylate coating, which provided excellent fibre protection as well as 
workability. These coatings have an outer diameter of 245 f,lm. Detailed information on the 
properties of the Coming SM optical fibre is summarised in Table 3.5 [249]. 
Fig. 3.2.12 A micrograph showing a cross sectional view of the SM optical fibre 
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Stripping of an optical fibre coating 
Two strands of SM optical fibres of different lengths were required to construct the EFP!-
SS and they were cut from the reel of optical fibre. One acted as a reflector fibre while the 
other as a lead inlout fibre. The reflecting optical fibre needed a length of about 35 mm. 
The lead inlout fibre needed a length of about (l700+y) mm, where y was the distance 
between adhesive spot and an edge of the host laminate, as shown in Fig. 3.2.13. 
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Fig.3.2.13 Illustration ofthe distance 'y' of the lead inlout fibre 
At one end of each cut optical fibre, a coating length of about 16-18 mm was stripped off, 
as illustrated in Fig. 3.2.14, using a Clauss CFS-2 fibre optic stripper. 
Bare fibre Cleaved 
\ i~  off length [========~c~oa~ti~nig========{I~~~~I~1 
1416_18 nim ~I 
~I 
(1700+y) or 35mm 
Fig 3.2.14 Details of the optical fibre stripped length 
The action of stripping was carried out by placing the end of the optical fibre in between 
the cleaned smaller notch ofthe fibre stripper, as shown in Fig. 3.2.15. Then by closing the 
stripper squarely while holding it firmly, the stripper was dragged towards the nearer one 
of the fibre ends while exerting a steady pressure. 
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Fig.3.2.15 Illustration of the stripping of the optical fibre coating 
The stripped section of the optical fibre was thoroughly cleaned to remove any debris by 
using a soft cloth soaked with methanol or lint free tissue. This was achieved by wiping the 
stripped section towards its end. This ensured removal of any coating debris or 
contaminant on the stripped fibre that was not removed successfully by stripping. 
Nevertheless, the tip of the stripped section would be cleaved off later. However, care was 
taken not to clean the optical fibre excessively because this would weaken the optical fibre 
strength. 
Cross sectional cleaving of the stripped optical fibre 
A flat end surface perpendicular to the fibre axis was essential for minimum loss in light 
transmission into and out of the optical fibre. Usually, two cut optical fibres did not have a 
smooth flat surface at the cut ends. In order to achieve a flat end, cleaving was needed 
simply by using a device called a cleaver, as shown in Fig. 3.2.16. In essence, a cleaver 
consisted of a diamond blade with a holding fixture and had a capability of producing 
perpendicular end faces that were within 1 ° to 3° with respect to the fibre axis. The present 
Fitel S324 precision cleaver was able to achieve an average cleaved angle of less than 2°. A 
cleaving was carried out according to the following 
Firstly, the lid of the cleaver was unlocked by pressing the lid lever downwards and then 
the blade assembly on the left was pushed forward to the position as shown in Fig. 
3.2.17(a). Secondly, the stripped cleaned optical fibre was placed in one of the two slots in 
such a way that a length of approximately 8 mm was in between the blade and the bending 
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pad, as illustrated in Fig. 3.2.17(b). Thirdly, the lid was closed to secure the fibre, and the 
blade assembly was then pushed swiftly backwards in the direction of the arrow until it 
stops, as shown in Fig. 3.2.18. Finally, the cleaver lid was released again and the cleaved 
optical fibre was removed from the bending pad and cleaned, while the unwanted section 
of the optical fibre was disposed accordingly. A cleaning of the cleaved fibre was achieved 
by using a cloth soaked in methanol to remove any debris. Acetone or dry tissue was not 
used in the cleaning of either the cleaved fibre or the cleaver, as they may cause physical as 
well as mechanical damage to them. 
Fig.3.2.16 A top view of the cleaver and its components 
After the cleaning process was completed, the cleaved end of the optical fibre was 
inspected to ensure a debris-free flat surface was obtained. The inspection was carried out 
with the cleaved fibre end being placed under a microscope while the focal point of the 
microscope was adjusted to obtain a clear focused view. If a cleaved fibre end surface was 
flat, as shown in Fig. 3.2.19(a), the focal point did not need further adjustment when 
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viewing different areas of the fibre end surface. If the cleaving was unsuccessful, the end 
surface may appear like as shown in Fig. 3.2.19 (b) and (c). 
(a) 
(b) 
Fig.3.2.17 A schematic showing (a) the blade assembly pushed forward with the optical 
fibre in positioned (b) an illustration of the top view of an inserted optical 
with about 8mm between the blade and the bending pad 
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Fig.3.2.18 Micrograph showing the sliding direction of the blade assembly to cleave 
the optical fibre 
(a) (b) 
Fig. 3.2.19 Example (a) shows an ideal perfect cleaved 
surface, and (b) and (c) illustrates a bad cleaved 
Preparation of capillary tube 
For the EFPI-SS, a glass capillary tube of 10 mm to 12 mm long was required to house 
both the cleaved lead-in/out and the reflecting fibres, as shown in Fig. 3.2.20. As 
mentioned earlier, the tube has an inner and outer diameter of 0.2 mm and 0.3 mm 
respectively, and was cut from the reel by using a pair of scissors. The cleaver was not 
recommended because a polyimide coating with a high tensile strength could make 
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cleaving difficult. In any case, the method of cutting did not affect the functionality of the 
constructed sensor. Following the cutting process, a cut glass tube was cleaned by using a 
soft cloth soaked in methanol to remove any dust and contaminants, in the same manner as 
in the cleaving of the optical fibres. 
Cleaved end Cleaved end 
Coatin Silica glass capillary tube 
) .... ~f!fJill~:.~: '~" .~. '~": ~:':~:':~:':::':=:'q: .~: .~: :~.; :~.: ~: .. ~: ';;":~:':~:'k?Pj'Coating 
Lead in/out fibre eflector 
Adhesive -5mm 
Gauge length -1O-12mm 
Fig. 3.2.20 The EFPI-SS construction 
Assembly of an EFPI sensor 
Since all the components in the EFPI-SS had such small dimensions as seen in Fig. 3.2.20, 
the assembly of these sensor components had to be carried out under a microscope. The 
microscope was equipped with cross-hair micrometer or a graticule that allowed the length 
of the desired air gap to be determined accurately. 
In assembling the EFPI-SS, the reflecting fibre of about 5 mm long out of the prepared 
section was inserted into the right-hand side of the glass tube first, as illustrated in Fig. 
3.2.20. It was secured inside the glass tube by applying adhesive to part of its surface as 
soon as its front end surface was made to be perpendicular to the inner walls of the tube. 
Epoxy adhesive had the shear strength of 25 MPa and the maximum operating temperature 
of 65°C, which was higher than that of 60°C laminate cure temperature. A summary of the 
mechanical properties of ardalite adhesive is given in Table 3.6 [250]. In order to minimise 
the formation of stress concentration around the bonding regions, adhesive was applied 
uniformly across without creating noticeable blots around the tube, as shown in Fig. 3.2.21. 
Fusion splicing would have provided an equally good connection between the two 
components but the application of localised heat on the optical fibre may create local stress 
gradients. These local distortions could reduce the strength of the EFPI-SS [65,251-252] 
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and therefore was not employed in the current sensor construction. Once adhesive was 
fully set, the remaining reflecting fibre end extending from the tube was cut by using a pair 
of scissors and was sealed with adhesive. 
Silica glass 
capillary tube 
............................... 
Cleaved end 
Coating 
Adhesive blots 
(a) 
Silica glass 
capillary tube 
. ............................... . 
(b) 
Cleaved end 
Adhesive 
Fig. 3.2.21 Example of (a) a poor adhesive surface, and (b) an ideal surface in 
which the adhesive is spread evenly without any blots along the sensor 
To insert and secure the position of the lead in/out fibre inside the tube, a piece of wooden 
shim block was used. The wooden shim block was slided underneath the coated end of the 
lead in/out fibre and both were taped together to facilitate its handling. The stripped section 
of the lead in/out fibre prepared with adhesive was slided into the left side of the glass 
tube. Then, an air gap distance of approximately between 20 /lm to 40 fLm was selected 
between its end surface and the face of the reflecting fibre via the graticule in the 
microscope. Although the maximum sensor sensitivity could be gained with a shorter air 
gap length [194,252], a compromise between maximum sensitivity and sensor survivability 
during the composite cure took priority. The other end of the lead in/out fibre was 
connected to a spectrometer. The final position of a lead in/out fibre was fixed when the 
maximum sensor sensitivity was displayed, as shown in Fig. 3.2.22. When adhesive was 
fully set, the gauge length of the EFPI-SS was measured again under a microscope. The 
gauge length was determined by the distance between the two adhesive front ends, as was 
shown in Fig. 3.2.20. However, the gauge length between individual EFPI-SS varied as 
summarised in Table 7.4. 
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Fig. 3.2.22 The shift in wavelength spectrum recorded by a spectrometer when the 
lead in/out fibre was inserted in the glass tube 
3.2.3 Smart specimen design 
Since bending stress, (jx, varies through the thickness of a beam, it was necessary to 
determine its value at the sensor location. This was to ensure that the bending stress at this 
particular location did not exceed the bending strength of the sensor. The prediction was 
carried out using classical lamination theory (CLT) with the basic unidirectional (UD) 
mechanical properties of the carbon/epoxy composite system. The intended position of the 
EFPI-SS was between 24-25 ply interface in a tensile region of a 15mm wide beam, which 
was about 1.02 mm away from the neutral axis. Since the maximum bending stress to 
ensure survival of the glass tubes was estimated earlier as 528 MPa, the corresponding load 
would be 0.61 kN. 
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Table 3.1 A summary of the physical and mechanical properties of silica glass capillary 
tubing used in the construction of an EFPI-SSs [247] 
Inner diameter 200±121lm 
Outer diameter 300+15/lm 
Polyimide coating thickness 181lm 
Young's modulus of silica tube 7lGPa 
Young's modulus of polyimide coating 3GPa 
Shear modulus of silica tube 3IGPa 
Density of silica tube 2150kglmj 
Density of polyimide coating 1420kglmj 
Poisson ratio of silica tube 0.14 
Tensile strength of silica tube 50MPa 
Tensile strength of polyimide coating 103.43MPa 
Bending strength of silica tube 67MPa 
Torsional strength of silica tube 30MPa 
Softening point of silica tube 1590°C 
Final decomposition temperature of polyimide coating 560°C 
Table 3.2 A summary of the lay-up, position, and test condition applied to investigate the 
bending strength of the silica glass tube. 
Specimen Lay-up Position of Condition Support Number of test 
designation silica glass oftube prior span specimens to 
tube to curing (mm) Failure 70-80% 
failure 
load 
A ( +45/901-451°hs Between ply 4- Tube 85 3 -
5 contains ink 
(compressive) 
B ( +45/901-4510hs Between ply Tube 85 3 -
13-14 contains ink 
(tensile) 
C ( +45101-45/90)s Between ply 2- Tube 65 I I 
3 contains a 
(compressive) stri~ of wire 
D ( +45101-45/90)s Between ply 6- Tube 65 1 1 
7 (tensile) contains a 
strip of wire 
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Table 3.3 Summary of the test flexural test results for specimens with tubes containing ink 
S A ~peclmen 
Specimen t(mm) b(mm) 
number 
1 4.97 7.43 
2 4.97 6.98 
3 4.96 5.66 
Average 4.97 6.69 
Stdev om 0.92 
(Stdev/Ave 0.12 13.75 
rage)% 
S B specImen 
Specimen 
number t(mm) b(mm) 
1 4.93 9.50 
2 4.94 4.68 
5 4.94 7.05 
Average 4.94 7.08 
Stdev 0.01 2.41 
(Stdev/Ave 
rage)% 0.12 34.06 
t = thickness of beam 
L= support span 
Ut 
17.10 
17.10 
17.14 
17.11 
0.02 
0.12 
Ut 
17.24 
17.21 
17.21 
17.22 
0.02 
0.12 
(J = maximum bending strength 
P(kN) 
0.56 
0.53 
0.46 
0.52 
0.05 
9.93 
P(kN) 
0.70 
0.35 
0.56 
0.54 
0.18 
32.83 
LI= slope of the load-displacement plot 
(J (MPa) 
389.0 
391.9 
421.2 
400.73 
17.79 
4.44 
(J (MPa) 
386.5 
390.7 
415.0 
397.43 
15.37 
3.87 
l(mm') PILI (kN Ex Observation 
mm) (OPa) 
76.0 0.09 15.71 failure at tensile 
side but glass 
tube not broken 
71.4 0.10 17.92 failure at tensile 
side but glass 
tube not broken 
57.6 0.08 18.67 failure at tensile 
side but glass 
tube not broken 
68.32 0.09 17.43 
9.61 0.01 1.54 
14.06 8.69 8.83 
PILI (kN Ex 
l(mm3) mm) (OPa) Observation 
failure at tensile 
side & glass tube 
94.9 0.15 19.78 is broken 
failure at tensile 
side & glass tube 
47.0 0.Q7 19.32 is broken 
failure at tensile 
side & glass tube 
70.8 0.13 22.88 is broken 
70.90 0.11 20.66 
23.92 0.04 1.94 
33.74 34.16 9.37 
b = width of beam 
P= maximum load applied 
I = second moment of inertia 
Ex = stiffness of the beam 
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Table 3.4 Summary of the test flexural test results for specimens with tubes containing a 
strip of wire 
Specimen C 
Specimen t (mm) b(mm) Ut P(kN) (J (MPa) I(mm') PILI (kNl Ex Observation 
number mm) (GPa) 
1 3.15 6.57 20.63 0.46 688.0 17.1 0.06 20.06 failure at 
tensile side 
but glass tube 
not broken 
2 (-2/3 3.13 6.38 20.77 0.34 530.4 16.3 0.06 20.71 signs of 
load) failure starting 
at tensile side 
but glass tube 
not broken 
(2/3Ioad) 
SpecimenD 
Specimen t (mm) b(mm) Ut P (J (MPa) I(mmO) PILI (kNl Ex Observation 
number (kN) mm) (GPa) 
2 3.13 6.66 20.77 0.45 672.4 17.0 0.06 19.39 failure at 
tensile side & 
glass tube 
broken 
3 (-2/3 3.14 6.74 20.70 0.36 528.2 17.4 0.06 18.97 signs of 
load) failure starting 
at tensile side 
but glass tube 
not broken 
(2/3Ioad) 
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Table 3.5 A summary of the physical and mechanical properties of Coming SM optical 
fibres [249] 
Core diameter 8.2/!m 
Cladding diameter 125+111m 
Acrylate coating diameter 245±5/!m 
Young's Modulus of optical fibre n.9GPa 
Young's Modulus of acrylate coating O.089GPa 
Shear Modulus of optical fibre 31.1GPa 
Density of optical fibre 2560kglm' 
Poisson ratio of optical fibre 0.17 
Poisson ratio of acrylate coating 0.4 
Tensile strength of optical fibre 3-5GPa 
Tensile strength of acrylate coating 0.026GPa 
Table 3.6 A summary of the mechanical properties of ardalite adhesive [250] 
Typical usable life 100gms at 23°C 2 hours 
Full cured time 24 hours 
Typical shear strength at 23°C 25MPa 
Temperature resistance (Tg) 65°C 
Minimum operating temperature -50°C 
Appearance if resinlharder (mixed) Translucent 
Cheinical resistance Good 
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Chapter 4 Fabrication of Smart Specimens with Embedded Fibre Optic Sensors 
The success of a damage detection system partially relied on the quality of specimens 
themselves. The methodology used for manufacturing smart specimens had to be 
developed such that fibre optic sensors embedded within the laminate host survived the 
curing process. In the first section, a general fabrication method employed in the 
production of composite laminates is being described first. This was followed by the 
procedure used for embedding either optical fibres or fibre optic sensors into the host 
laminate. Next, a brief discussion for the effect of embedded sensors on the laminate 
structure as well as for possible factors affecting the sensor performance was provided. 
Finally, the method used for fabricating preconditioned smart beams was described. 
4.1 Basic Fabrication and Preparation Procedures for the Host Laminates 
The manufacturing of composite specimens involved handling, cutting, laying-up of the 
composite prepregs and the curing of the laid-up laminate. Then, the cured specimens were 
cut and trimmed for testing. 
4.1.1 Fabrication procedure 
Composite systems 
Commercial TIOOILTM-45EL carbon/epoxy DD prepregs from Advanced Composite 
Group [254] were used to manufacture all composite panels. This DD composite system 
was made up from Toray's T700 high strength (HS) carbon fibre with epoxy resin. The 
prefix LTM meant a low temperature moulding with a curing temperature between 60-
180°C while the designation EL meant extra life. The mechanical properties ofT7001LTM-
45EL carbon/epoxy DD composite laminates are summarised in Table 4.1 [255]. 
The SE 84LVlEGL glass/epoxy DD prepregs obtained from SE Systems were also used 
but only in the study of the bending strength of the glass tubes in Chapter 3. The 
abbreviation LV denotes low viscosity. A summary of the mechanical properties of this is 
given in Table 4.2 [256]. 
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Ply cutting 
Both carbon/epoxy and glass/epoxy DD prepregs were supplied with two protective layers 
in a 300mm wide roll. The protective waxed layer was used to protect prepregs from 
contamination. These prepregs were stored in a freezer at a temperature of -18°C to 
preserve their shelf life. The shelf life of carbon and glass prepregs were 6-12 and 12-18 
months respectively. Epoxy matrix could become tacky at room temperature after just a 
short while and making cutting difficult. As a result, prepreg rolls were taken out of the 
freezer only when it was required, and put back immediately after use. A [45°/90°/-
45°/0°]4, quasi-isotropic (QI) stacking sequence was selected for all composite panels in 
the current research. A coordinate system defining the orientation of plies is given in Fig. 
4.1.1. 
+45° 
_45° T 
150mm 
r- 100mm -1 90° 
Fig. 4.1.1 Coordinate scheme of the fibres in the laminate 
A prepreg tape roll once taken out of the freezer was put on a steel bar and was pulled 
through a cleaned guillotine, as shown in Fig. 4.1.2. In order to establish the prepreg length 
needed for each ply, a cutting plan was created to minimise prepreg waste. An example 
shown in Fig. 4.1.3 provided all the prepregs which were sufficient for one 32-ply 
150XI00mm QI panel. In the cutting plan, the +45° plies were only considered as they 
could be used as -45° plies by flipping them by 180°. The required length of prepregs for 
each ply was measured from the prepreg tape end and was ink marked on the protective 
paper. The prepreg tape was then adjusted to ensure that it was perpendicular to the 
guillotine blade. With one hand pressing down the plastic holding strip (see Fig. 4.1.2) so 
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that the tape would not move during the cut, the cutter was swiftly dragged across the 
prepreg with the other hand. As many cuts as possible should be carried out. However as 
soon as prepreg became tacky, the prepreg roll had to be put back into the freezer 
immediately. Using the method described above, the prepreg for each ply was cut into 
dimensions. This was easily achieved for 0° and 90° plies. For 45° plies, subsequent 
diagonal cuts had to be carried out with a scalpel. 
Alignment bar and length indicator 
Pla:stIcholding 
Rotating 
disc cutter 
Prepreg 
support bar 
Metal table surface with measurement and 
alignment lines 
Fig.4.1.2 A guillotine with a maximum cut width of 450mm used in the cutting of the 
prepreg material 
Laying-up 
Once the cutting process was completed, the prepregs were ready to be laid up according to 
the stacking sequence of the laminate. This process was carried out on the cleaned glass 
section of the cutting/lay-up table as shown in Fig. 4.1.4. The L-shaped setsquare on the 
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glass lay-up table was used to assist the positioning and aligning of the plies during the lay-
up. In general, the first ply was positioned against the two perpendicular sides of a L-
shaped setsquare and the protective sheet on the top surface was removed. The protective 
paper from the ply surface on which contact with the first ply was expected was peeled off. 
Once aligned, this second ply was gently pressed down to ensure a good adhesion with the 
first ply was achieved. These steps were repeated for the subsequent plies. To ensure that 
the correct ply orientation was obtained, a checklist as shown in Fig. 4.1.5 was used. After 
laying-up each ply, a tick was placed on the checklist. 
T o 90 
300mm 
ll---L-....l.----L..-..I..----L--.L---L....¥--~~---.J 
+- 400mm + 450mm --I~~~f------ 983mm 
Fig.4.1.3 A cutting pattern used for a 32-ply 150XlOOmm 32-ply quasi-isotropic composite 
panel 
Reinforced glass 
L-shaped set square, made from steel Orientation 
Fig. 4.1.4 A three dimensional glass lamination table equipped with a L-shape set 
square 
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Ply number Orientation Complete 
1 +45 ,/ 
2 90 
3 -45 
4 0 
5 
32 +45 
Fig. 4.1.5 An example of a lamination checklist 
Cure 
Upon the completion of the lamination process, the laminated stack was placed in an 
autoclave, as shown in Fig. 4.1.6. The vacuum-bagging materials used are also shown in 
Fig. 4.1.6 while their respective functions are explained in Table 4.3. 
Vacuum line 
Vacuum valve 
Bagging film 
"""11" I" 11111 " 
11101\\\1 1111111111 
Breather 
Caul plate 
Non-porous film 
Bleeder fabric 
Porous Teflon 
Laminate 
Porous Teflon 
Bleeder fabric 
~l_--...:=====:...., Non-porous Teflon 
Tool plate 
Fig. 4.1.6 A cross sectional view of the sealed area within the autoclave 
where the intact and smart composite panels were cured 
The cure cycles for LTM-45EL and SE 84LVlEGL composite system are illustrated in 
Figs. 4.1.7-4.1.8. A pressure of 90psi as recommended by manufacturers was applied to 
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provide consolidation. A cure cycle for carbon/epoxy was 18 hours at a temperature of 
60°C with an initial ramp rate of 2°C/min. For glass/epoxy laminates, a cure cycle of 6 
hours at a temperature of 90°C and with an initial ramp rate of lOC/min was applied. The 
operating procedure of the autoclave was provided in Appendix 4.1. 
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Fig.4.1.7 T7001LTM-45EL composite laminate system cure cycle 
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Fig.4.1.8 E-glass SE 84LVlEGL composite laminate system cure cycle 
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4.1.2 Preparation of indi vidual specimens 
After the curing process was completed, the cured laminates were trimmed or cut into 
individual specimens for testing. The cutting was performed using a modified portable 
water-cooling circular saw with a diamond-coated blade, as shown in Fig. 4.1.9. Movable 
alignment guides were used not only to guide the position of the laminate but also to 
provide rough estimates of expected dimensions. In particular, attention was needed to 
ensure that the exterior edges of the laminate were parallel to one of the two principle fibre 
directions. In any case, the laminate was gently pushed through the blade in a controlled 
manner to minimise damage to the blade. When the cutting process was completed, 
appropriate dimensions of each specimen were measured by using a MITUTOYO digital 
vernier calliper before testing. 
Fig. 4.1.9 A micrograph showing a modified portable water-cooling diamond coated 
circular saw used to produce individual composite test specimens 
4.2 Fabrication of Smart Composite Specimens 
The method described in Section 4.1 formed a basis for the manufacturing of smart 
specimens. With the need of integrating optical fibres or sensors in the host laminate, the 
fabrication procedure was no longer simple, as appropriate measures must be taken to 
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ensure their survival during cure. Similar precautions had already been used to embed glass 
tubes in the study of their bending strength. 
In order to accommodate either optical fibres or sensors during the lamination process, a 
minor modification was made to the aforementioned lamination process in Section 4.1. The 
laying-up of the host plies was divided into two separate stacks, as illustrated in Fig. 4.2.l. 
In this way, the optical fibres, sensors, or glass tubes could easily be inserted in between. 
Once the optical fibres were placed on top of one stack, thermoplastic tubes were used to 
protect the optical fibres at their ingress/egress points before the other stack was placed. 
Efforts were made to ensure both stacks were aligned with each other before a slight 
pressure was applied to ensure a good bond between them was achieved. The protection of 
optical fibre leads using the thermoplastic tubes will be further discussed in Section 4.2.1. 
Stack 2 
glass tube 
Stack 1 
Tubing 
Fig. 4.2.1 Incorporation of an optical fibre between two laminated stacks 
Embedment of optical fibres for mechanical property tests 
To ensure the optical fibres were positioned correctly, some practice was carried out in 
fabricating specimens for the testing of effective mechanical properties as was described in 
Chapter 5. A sketch in Fig. 4.2.2 illustrates the intended positions of the optical fibres 
across the width of the laminate for five specimens (each containing three optical fibres). 
The distance between each individual specimens were made such that no unintentional 
damage to the optical fibres due to the diamond-coated blade during cut was possible. The 
placement of the optical fibres was done with the guide of two paralleled rulers placed 
against the L-shaped setsquare, which were attached to the base of the glass lamination 
table, as shown in Fig. 4.2.3. 
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Allowance made to accommodate 
the blade width 
\\ i!/ 
Optical fibres 
Fig. 4.2.2 A sketch showing the intended positions of optical fibres 
L-shaped set square 
I d Optical fibres 
Laminate 
The initial position 
of the rulers ~ ~ 
Optical fibres 
Ruler 
Tape used to attach the ruler 
onto the laying-up table 
Fig.4.2.3 Schematic of the method used to insert optical fibres into the laminate 
Embedment of EFPI -SS for damage detection evaluation 
The desired positioning of the EFPI-SS within the host was referred to the location of its 
air gap. This was determined with the aid of a microscope and was clearly marked. The 
sensor was then gently placed onto the laminate with its air gap accurately positioned at the 
intended sensing location. 
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4.2.1 Ingress and egress technique 
One of the most important aspects in the manufacturing of smart specimens was to ensure 
that the optical fibres protruding from the host laminate did not break up either under 
pressure during the cure or handling. During the heating period of the curing process, the 
viscosity of resin decreased and resin, which was not absorbed by bleeders, flew onto 
regions nearby the optical fibres protruding from the laminate. The excessive sticking of 
resin could cause the optical fibres to become brittle as resin hardened. Consequently, this 
could make specimen release and handling after cure difficult with the risk of damaging 
the optical fibres. For these reasons, viable methods for protecting the ingress or egress 
regions of the optical fibres were necessary and they include using embedded edge 
connector [257-2581, embedded surface mounted connectors [252,259-2611 or protective 
tubings [34,73,80,90,261-2621. The latter was used in the current investigation as discussed 
earlier. 
The embedded edge and surface mounted connectors required the optical fibre to be 
inserted inside a connector by means of a ferrule. Often, the size of a ferrule was required 
to be half the laminate thickness. Because the ferrule needed to be embedded in a laminate, 
its comparatively large size created extensive ply waviness [2581 and may have a 
detrimental effect on the host laminate integrity. In addition, the difference in thermal 
expansion between the metal ferrule and the laminate may induce signal distortions. In the 
current work, optical fibres were embedded with thermoplastic protective tubes as a strain 
relief component, though metal [80,2611, teflon or thermal-shrinkage plastic [801 tubes had 
been used. The selected thermoplastic tubes had a diameter of about 0.3mrn and were cut 
to a measured length of 85-90mm. The tube length of about 15mrn was embedded inside 
the host laminate, as illustrated in Fig. 4.2.4. Each end of the tube was sealed with a small 
sellotape to prevent resin from flowing through and along the optical fibre via capillary 
action during the curing process. Nevertheless as a precaution, bleeders and porous release 
films used in the curing process were made considerably larger. In this way, any resin flow 
onto the thermoplastic tube could be absorbed. 
Although the lead in/out fibre of the sensor was protected from resin bleed, it was also 
needed to be supported underneath to prevent the cure pressure from breaking the fibre. To 
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this end, a wooden shim covered with a piece of PTFE non-porous protective film was 
placed at a distance of about 20mm away from the edge of the host laminate. The height of 
the wooden shim was carefully selected according to the estimated embedment location of 
the sensors in the host laminate. 
85-90 mm 
Laminate 
-20 mm 
Lead in/out 
/calfibre 
PTFEfilm 
Fig. 4.2.4 Illustration of the technique used to protect and support the optical 
fibre at the edge of the laminate 
4.3 Issues of Manufacturing Quality 
The difference in size between the reinforcing fibres and the embedded fibre optic sensors 
caused disruption in the uniformity of the host laminate. The severities of these effects 
were primarily dependent on orientation of the fibre optic sensors with respect to the 
reinforcing fibres. The fibre optic sensor located in the same direction to its adjacent 
reinforcing plies would provide the least local perturbation in the host laminate, as shown 
in Fig. 4.3.1. This was because the adjacent collinear plies would rearrange themselves 
accordingly around the sensor during the cure process. 
On the contrary, this may be almost impossible to achieve for the fibre optic sensor 
embedded at some angle with respect to its adjacent plies. In such situations, the presence 
of the sensors would cause significant disruption to the host, leading to the formation of 
'resin eyes' and local stress concentrations [151,195,263-266] around the embedded 
sensors, as shown in Fig. 4.3.2. The longitudinal size of one resin eye (on one side of the 
optical fibre) was about eight times the ply thickness or about 1.02 mm. Obviously, the 
larger the optical fibre diameter was compared, the larger the size of the resin eye was. 
This undesirable outcome may cause degradation in the mechanical properties of the smart 
laminate [264-265], dependent on the diameter of the optical fibres or the fibre optic 
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sensors [263,267-268], the laminate thickness [268-272], and the coating stiffness of the 
optical fibres or sensors [273-275]. In-depth discussion was provided in the next chapter. 
Regardless of the optical fibres orientation with respect to its adjacent plies, it seemed that 
the shape of optical fibres were slightly deformed, as seen in Figs. 4.3.1-4.3.2. It was 
believed that the acrylate coating of the optical fibres had been ovalised during the cure 
process, though the core and cladding in the figures were not affected which suggested 
that. This seemed to have appeared in many of the micrographs, in particular in Chapter 5. 
Nevertheless, the retained core and cladding shape suggested that the sensing capability of 
the fibre optic sensor would not be affected. 
In light of the difficulties associated with the sensor embedment, preventive measures were 
needed to ensure that the aforementioned manufacturing defects was minimised. One 
method of achieving this was to select an appropriate lay-up of the host laminate. An ideal 
lay-up of the host laminate should be such a way that the EFPI-SS was embedded between 
two colIinear plies. Occasionally, more than two plies orientated in the same direction may 
be required for large sensors. However, there were certainly limitations to the extent which 
this could be done in realistic composite structures. In the current research, the EFPI-SS 
was embedded between a between a +45° ply at the top (ply 24) and a 0° ply in the tensile 
side of the beam (ply 25). Recognising the aforementioned limitations, the additional 
checks via classical beam theory and conventional surface-bonded SOs were used to 
validate the EFPI-SS strain measurements. 
4.4 Fabrication of Smart Beams with Artificial Delamination 
Delamination was simulated by using thin artificial thermoplastic film such as fluorinated 
ethylene propylene (FEP). With the need of embedding artificial delaminations in the host 
laminates, the laying-up of the plies were divided into three separate stacks, as illustrated 
in Fig. 4.4.1. Artificial delaminations with exact dimensions and shape were cut from a roll 
of FEP film and then laid on top of stack 2. The positioning of the artificial delamination 
was done with the guide of two paralleled rulers placed against the L-shaped setsquare and 
two sheets of paper as illustrated in Fig. 4.4.2. 
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(a) 
(b) 
Fig. 4.3.1 A micrograph showing (a) a single optical fibre, and (b) two optical fibres 
embedded in the longitudinal direction between two coJlinear plies 
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(a) 
(b) 
Fig. 4.3.2 A micrograph showing (a) a single optical fibre, and (b) three optical fibres 
embedded in the transverse direction between two perpendicular plies 
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Once the insertion was completed, stack 1 was positioned carefully on top while at the 
same time ensuring that both stacks were aligned with one another. A slight pressure was 
then applied across so that a good bond between the two stacks were achieved. After the 
sensors were placed on top of stack 3 using the procedure described in Section 4.2, the 
combined stack 1 and 2 was placed on top. Here, precise alignment between the sensors 
and the delamination was important. For the smart specimens with both delamination and 
sensor location at the same span, the assembly was positioned in such a way that the sensor 
air gap was located at the centre and equidistance from the edge of delamination, as 
illustrated in Fig. 4.4.3(a). For the smart specimens with delamination positioned at 
different span locations to the sensor, the assembly was positioned as such that the air gap 
location of the sensor was used as the reference, as illustrated in Fig. 4.4.3(b). Once the 
alignment between the sensors and the delamination was confirmed, a slight pressure was 
applied across the assembly to ensure a good bond was attained. The aforementioned 
procedure actually allowed three individual specimens to be made in one large panel. Thus, 
once the panel was cured, it was cut up to produce the three individual specimens. The 
embedded artificial delamination was always through the width in each specimen. 
Stack 1 
PEP thermoplastic 
Stack 2 
-------------- Optical fibre or sensor 
Stack 3 
Fig. 4.4.1 Incorporation of an optical fibre between two laminated stacks 
L-shaped 
set-square -~ 
delamination 
Protective sheets 
Ruler 
Fig. 4.4.2. Schematic of the method employed to position a delamination within a 
composite laminate 
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Reference line, which 
is equidistance from I 
delamination edge 1·~ Delamination 
Air gap 
(a) 
Reference line, 
served as a datum 
position for the 
delamination 
Air gap 
(b) 
I
, !I 
p 
I 
---+l 
I 
I 
EFPI-SS 
Delamination 
EFPI-SS 
Fig. 4.4.3 Schematic showing the method used to align the delamination with respect 
to the EFPI-SS at the (a) same, and (b) different span location 
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Table 4.1 UD mechanical properties ofTIOOfLTM-45EL composite system [255] 
Number of plies 16 
Fibre volume fraction 60% 
Tensile properties 
ElIt 127 ±4 GPa 
E22! 9.1 +0.3 GPa 
crllt 1956.3 ±89.5 MPa 
cr22! 48.0 +5.1 MPa 
V12 0.31 
V21 0.022 
Compressive properties 
Ellc 120.3 ±2.3 GPa 
E22c 9.9+0.3 GPa 
Ollc 1032.0 ±5.9 MPa 
cr22c 129.7 +1.6 MPa 
In plane and ILS shear properties 
0 12 5.6 ±0.2GPa 
1:12 72.5 +1.8 MPa 
G13 /G23 5.3 +0.3 GPa 
1:131 1:23 66.3 ±1.2 MPa 
Flexural properties 
Er 115.9 +2.5GPa 
cri 1051.7 +21.8GPa 
Glc 265.9 ±23.5GPa 
Gllc 940.0 +36.0GPa 
Table 4.2 UD mechanical properties of SE 84LVlEGL glass/epoxy [256] 
Tensile strength 1257MPa 
Tensile modulus 46.9GPa 
Cured ply thickness 0.37mm 
Nonnalised tensile strength @ 60% Fibre Vol. Frac. (FVF) 1277MPa 
Nonnalised tensile modulus @ 60% FVF 48GPa 
Compressive strength 1258MPa 
Compressive laminate fibre volume 56.1% 
Nonnalised compressive strength @ 60% FVF 1346MPa 
Interlaminar shear strength 83MPa 
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Table 4.3 A description of the material and their purpose when used in a curing process 
Layer Description Purpose 
Bagging film To allow the application of vacuum onto the laminated 
prepregs as well as to provide the separation between 
vacuum and pressure. 
Breather fabric To evacuate the vacuum and enable the transfer of 
required autoclave pressure. Also to prevent the 
bagging film from being punctured by the sharp 
corners of the caul plate. 
Caul plate To provide the desired contour and a flat surface for 
upper surface of laminate as well as to aid compression 
of laminated prepregs. 
Non porous film To prevent excessive resin from contaminating the 
caul plate by limiting the migration of the resin. 
Bleeder fabric To absorbs excessive resin from the prepregs 
Porous PTFE film To adhere to either surface of the laminated prepregs, 
and allows any trapped air and excess resin to escape 
from the laminated surface. Also allows the separation 
of the cured laminate from the other materials used in 
the autoclaving process. 
Non-porous PTFE To protect the base plate of the autoclave from the 
curing resin 
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Chapter 5 Evaluation of Mechanical Properties of Smart Specimens with Optical 
Fibres 
Integrating fibre optic sensors into composite laminates could degrade the laminate 
mechanical properties because of the potential presence of manufacturing defects, as 
discussed in Section 4.3. The effect of such defects on mechanical properties depended on 
embedment conditions of the sensor and types of mechanical properties [265]. 
Understanding significance of these effects was essential in the development of a reliable 
damage detection system. 
Early experimental investigations were mainly centred on tensile and compressive 
behaviour of carbon fibre reinforced composites and will be briefly reviewed in Section 
5.1. Although interlaminar shear (ILS) [237] and flexure [237,276] properties are 
extremely important, some limited experimental information was available for 8-ply QI 
laminates. No similar data is available for thicker smart laminates. Thus, the ILS and 
flexure mechanical properties of 32-ply smart QI carbon/epoxy laminates had to be 
determined. The number, orientation and location of the embedded optical fibres were 
varied to provide several critical cases. Detailed discussion of the results was available in 
[277] 
5.1 Effects of embedded optical fibres on mechanical behaviour 
Tensile properties 
The effects of embedded optical fibre on the tensile properties of laminates 
[27,140,232,237,276,278-290] showed that the longitudinal tensile strength were not 
adversely affected by the presence of optical fibres irrespective of lay-up, number of 
optical fibres and the orientation of adjacent plies. On the other hand, the longitudinal 
tensile modulus in a CP laminate degraded slightly only with thirty-three optical fibres in 
[286] but significantly up to 55.6% with fifty-six optical fibres in [279]. 
When the optical fibres were embedded in the transverse direction, the longitudinal tensile 
strength was affected substantially. The CP laminates showed degradation about 10% and 
11 % [285] in the longitudinal strength and modulus respectively. For DD laminates, the 
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effects on the tensile properties were dependent on the volume fraction of the optical 
fibres. With a single optical fibre, the longitudinal tensile strength was reduced by 19% 
[278] and 24.4% [281] respectively, while a reduction of about 51 % was recorded with 
three optical fibres [282]. Interestingly, a tensile longitudinal strength of a un Kevlar 
epoxy laminate showed an increase of about 13% [27,199,292-293]. For QI laminates, only 
one reported result [140] showed that the longitudinal tensile strength was reduced by 28% 
due to significant deformation and large 'resin eyes' formed. 
The effects of embedded optical fibres on the transverse tensile properties were seemed to 
be more significant. The transverse tensile strength appeared to be sensitive to even a 
single optical fibre orientated in the parallel direction in which a reduction of between 12% 
to 44% [237,279-280] was recorded. On the contrary, an optical fibre embedded in the 
transverse direction showed an improvement in the transverse tensile strength by 12.8% 
[294] and 20.8% [278] respectively. The transverse modulus did not show any effect in all 
optical fibre orientations because it seemed that it depended on the orientation of plies in 
the laminate [278]. 
Compressive properties 
When the optical fibres were embedded parallel to the loading direction, the extent of their 
effect on the longitudinal compressive properties was dependent on the lay-up sequence. 
In un [237,278] and QI [278,290,295-296] laminates, the longitudinal compressive 
properties were not significantly affected while in the CP laminates [149,286,297], a 
reduction of up to 24% and 20% in the respectively strength and modulus was observed. 
However, the latter results were within the data scatter. Optical fibres embedded 
transversely to the loading direction showed a moderate reduction of 29% in un laminates 
[237] and 27% in QI laminates [289,295,298J in the longitudinal compressive strength. As 
before, the presence of optical fibres seem to have a rather significant effect in the CP 
laminates in which a reduction of up to 70% [149,297J was noted. However, the 
longitudinal compressive modulus was only moderately affected. The resin-rich lenticular 
discontinuities formed within the laminate were thought to be the reason for the large 
reduction in the longitudinal compressive strength of CP laminates. 
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Interlaminar fracture toughness (1FT) 
When optical fibres were integrated in the same direction as the reinforcing fibres, the 
critical strain energy release rate of the DD [284,299-300] and CP [299-300] laminates 
were barely affected. In contrast, the presence of optical fibres in the transverse direction 
seemed to have improved the 1FT properties of both DD [299-300] and CP [300] 
laminates. Apparently, the formation of resin pockets surrounding the optical fibres acted 
as damage arrestors rather than initiators and therefore increased the critical strain energy 
release rate of the laminates. The rate of increment was dependent on the number of 
transversely embedded optical fibres. 
Interlaminar shear properties (ILS) 
The only information available on the longitudinal ILS strength was on DD laminates. It 
appears that the longitudinal ILS strength was not affected by either optical fibres 
embedded parallel [237] or transversely to the reinforcement [237,282]. This may be 
because the shear failure did not take place at positions where optical fibres were 
embedded. Information on ILS modulus was simply not available. 
Flexural properties 
The flexural properties of DD laminate [282] showed that optical fibres orientated parallel 
to the reinforcement ilid not show any influence. When the optical fibres were embedded 
in the transverse ilirection, a slight reduction of 9% in the flexural strength was observed. 
On the other hand, the flexural strength of thin QI laminates [276] was affected 
significantly when embedded transversely, in particular with optical fibres positioned 
symmetrically from the mid-plane. For the same lay-up and configuration tested in four-
point beniling, the flexural strength suffered a lesser reduction. In fact, an increase of 12% 
in the flexural strength was obtained when the optical fibres were embedded closer to the 
mid-plane. 
Owing to the limited information available on the effects of optical fibres on ILS and 
flexure properties of thick smart QI laminates, it was necessary to examine the effects of 
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number, orientation and embedded location of the optical fibres on these mechanical 
properties. These results were used to assist the designing of smart beams. 
5.2 Experimental Procedures 
5.2.1 Specimen preparation 
Thirty-two-ply QI carbon fibre-reinforced composite smart beams were fabricated 
following the method described in Chapter 4. A stacking sequence is (+45°/90°/_45% °)4" 
with 0° plies oriented to the longitudinal direction of the beams. Various number of optical 
fibres were inserted at different selected interfaces for different types of tests. Details of 
embedments location for these tests are summarised in Tables 5.1-5.3. Although the 
number of optical fibres present in a realistic structure may not be high, it was required 
here to establish the threshold of degradation in mechanical properties induced by the 
presence of optical fibres. In the determination of ILS properties, both SBS and Iosipescu 
test methods were used while the three-point bending method was used for flexural 
properties. 
SBS specimens 
For SBS specimens, the optical fibres were embedded either longitudinally or transversely 
at the mid-plane where the ILS stress was believed to be at the maximum. The optical 
fibres were also integrated at other ply interfaces away from the mid-plane as these were 
the locations of optical fibres expected in practical applications. The specimens with 
optical fibres in the transverse direction and positioned off-centred with respect to the mid-
span were prepared to assess the effect of optical fibre-ply cross-overs on the extent of 
resin pockets. In this configuration, the quarter locations along the support span of the 
beam were identified as the respective centres of the off-central optical fibres. The 
positions of the optical fibres in all the SBS specimens are illustrated in Figs. 5.2.1-5.2.2. 
In each specimen, a support span of 20 mm was selected to provide a nominal length-to-
depth rati 0 of 4. 
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t Mid-plane I_ b -I 
-'-- --.---.-.-.-.-.-.-.-.----.------.-.-.-.. -.-. ~ -·1-- ---j-I 
fibres 
Fig. 5.2.1 Orientation of optical fibres in 3-point bending specimen 
Ca) Cb) 
- -.-------.-.-.--~--------------- .-. Mid-plane -- ----.-.-------
Cc) 
Optical fibre Optical fibres 
-----------.. -. Mid-plane -'- -.----.----.-.-.--.--.-~.-.-- -
Optical fibres Optical fibres 
I·"---L 
Fig. 5.2.2 Orientations and positions of optical fibres in three-point bending specimen: 
Ca) one optical fibre arranged centrally Cb) two optical fibres arranged 
centrally, Cc) three optical fibres arranged centrally, and Cd) three optical fibres 
arranged off-centred 
Iosipescu specimens 
For Iosipescu specimens, the optical fibres were embedded either at the mid-plane or at a 
single quarter position of the laminate to achieve a maximum effect. Dimensions of the 
specimen were fabricated according to the Wyoming jig design ASTM D5379M-93 in 
which an overall thickness of 12.7mm was required for intimate fitting, as illustrated in 
Fig. 5.2.3. As the nominal thickness of the laminate was 4mm, dummy blocks of woven 
fabric prepregs were bonded on the top and bottom of the laminate by using epoxy film 
adhesives. The epoxy film adhesive XLTA225 of the same dimension as the laminate 
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panel were cut while still in the freezer from an adhesive roll by using a pair of scissors. 
This was necessary to prevent adhesive from getting tacky. Once adhesive was prepared, 
the dummy blocks were attached to the laminate according to the following procedure. 
Loading fixture p 
p 
Fig. 5.2.3 Schematic of an Iosipescu specimen in a loading fixture 
Before adhesive was applied, the surfaces of the dummy blocks and laminates were sand 
blasted and cleaned. This was necessary to ensure that a good bond between adhesive and 
the laminate surface could be developed. The adhesive was laid onto the surface of the 
cleaned laminate and followed by the dummy block above it. A constant and gentle 
pressure was applied across to ensure a good bond was achieved. Once the bonding of the 
top section of the specimen was completed, the assembly was turned upside down and a 
similar procedure was applied to the bottom section of the laminate. The whole assembly 
was transferred and placed on a flat and levelled base of the oven to cure for 12 hours at 
80°C. During the curing process, a caul plate was placed gently on top of the assembly so 
that a uniform pressure of 0.08 MPa across the specimen was attained while preserving the 
shape of the specimen. Occasionally, additional weights using dead weight were placed 
evenly across the caul plate because the weight of the caul plate was insufficient to provide 
the required pressure. The additional weight required was 80.2kg, which was determined 
as below: 
o 08bd. 0.08xl00xlOO W = . weight of caul plate = 1.3 = 80.2kg 
9.81 9.81 
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where band d are the width and depth respectively of the specimen. 
Once the laminate block was cured, the surfaces of the dummy blocks were machined in 
such a way that the laminate to be tested was located at the through-the-thickness centre. 
The laminate block was then held in a vice on a milling machine equipped with a right-
angle silicon carbide end mill, which was positioned at angle of 45°. There, a 90°-notch 
with a depth of 20% of a laminate thickness were cut at each side of the dummy block 
surfaces before the laminate block was cut into individual specimens with length of 50mm 
and 4mm wide using the diamond coated circular saw. All dimensions were machined. The 
depth or distances between the two notches were measured. However, obtaining a precise 
measurement using a digital vernier calliper was difficult because of its large tip. In order 
to overcome this difficulty, a dowel pin was fitted in each notch, as illustrated in Fig 5.2.4 
and an approximation of the distance between these two dowel pins, Ld, was measured with 
a digital vernier calliper. The width between the notches' roots were then calculated by 
using the following formula: 
Lt = Lct -Cb! + n) -(b2+ rz) (5.2.1) 
where Lt is the width between two tips of the notches, 4t is the length between two dowel 
pins in the notches, T} is the radius of the dowel pin 1, T2 is the radius of the dowel pin 2, 
b}= r1 sin 45°, is the distance between the centre of pins 1 to the tip of notch 1, and b2=r2 
sin 45°, is the distance between the centre of pins 2 to the tip of notch 2. 
Fig. 5.2.4 Schematic of the measurement method used to determine the 
width between the notches of an Iosipescu ILS test specimen 
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In some selected Iosipescu specimens, a 90° two-element rosette (TML-FCA-2-11) was 
bonded at the midpoint between two notch roots with two elements oriented in the ±4So 
directions, as illustrated in Fig. 5.2.5. The method used to bond these conventional strain 
gauges will be explained later in this section. 
---.... x 
(a) 
"-+'-'-'-'-'-'-'-;?(-'-'-'-'-'-'-'-'-'-i-'-Mid-plane 
I 
Optical fibres (b) 
,,-,1--'-'-'-'-'-'-'-'1*-'-'-'-'-'-'-'-'-'-1-'-Mid-plane 
I 
Optical fibres (c) 
Fig. 5.2.5 (a) Through-the-thickness view of an Iosipescu specimen (b) optical fibres 
at the mid-plane position, and (c) optical fibres at the quarter position 
Flexural specimens 
In the preparation of flexural specimens, the optical fibres were embedded at the single 
quarter through-the-thickness location in the tensile region as well as the mid-plane of 
laminate. The use of a single quarter location could avoid damage transmitted from local 
compression. On the other hand, the specimens with optical fibres embedded in the mid-
plane were merely used as a sanity check and should provide least detrimental condition. 
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Each specimen had a support span of 85 mm, which was selected for a nominallength-to-
depth ratio of 20. 
Bonding strain gauges 
Conventional electrical SOs either single element or two-element 90° rosette were used for 
measuring mechanical strain. All SOs were bonded onto specimens by using TML 
cyanoacrylate (CN) adhesive. Usually, the location for SO was gently smoothed with a 
400-grit wet and dry paper and was cleaned with acetone. The use of a piece of sellotape 
helped its positioning. Then, CN adhesive was applied on the gauge's contact surface. A 
gentle pressure was applied to the SO via a supplied paper to ensure a good bonding. Then, 
the leads of the gauges were soldered out to a connecting terminal which in turn were 
soldered onto electrical wires. A good soldering could be confirmed when a resistance 
reading of 120±2n on the multimeter was obtained. 
5.2.2 Mechanical testing 
A vice-based jig was used to provide simple support in three-point bending for both SBS 
and flexure specimens, as shown in Fig. 5.2.6. A gap between two supports was set by 
turning an adjustable bolt according to type of tests with its corresponding support span. 
Once a specimen was placed on the supports, a spirit level and a setsquare were used to 
ensure that the specimen was perpendicular to both supports and loader, which was aligned 
with a mid-span marker. Both SBS and flexural tests were conformed to ASTM standard 
D2344/2344M-00 and D790-99 respectively. 
For the Iosipescu ILS specimens, the Wyoming test jig design (ASTM D5379M-93) was 
used, as illustrated in Fig. 5.2.7. An Iosipescu specimen was placed in each halves of the 
test fixture at a time to ensure that the specimen was parallel and aligned with the 
alignment tool of the fixture. Once the specimen position was confirmed and secured, the 
whole assembly placed under a 20mm hemispherical tup indenter as such that the notch 
was in line with the applied load. 
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Adjustable bolt 
Support 
Fig. 5.2.6 A vice based jig used as supports in three-point bending 
Both shafts are lubricated 
before specimen is 
installed 
Loading pad- connected to the testing 
machine's crosshead 
Rig loading point - a machined 
ball bearing will eliminate any 
moments created during loading 
O~~;:::::=::,.k°;:=:==v°+-1f- Loading arm - bearing lr mounted onto its own 
Jigging pins to ensure 
alignment of the two sections 
shaft 
Treaded holes- cap bolts 
fasten covering plates (not 
shown) onto each arm 
Circular load reaction bar- eliminates 
any moments created during loading 
Fig. 5.2.7 The Iosipescu shear test rig 
MAND universal testing machine and data logging system 
All three-point bending tests were carried out on a MAND universal testing machine, as 
shown in Fig. 5.2.8 at the crosshead speed of 5mm1min. For Iosipescu ILS tests, the 
crosshead speed of 3mmlmin was applied. The load, crosshead displacement, and/or strain 
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measurements were recorded by an Orlon Schulumberger Solartron 35300 data logging 
system, as shown in Fig. 5.2.9 at a sampling rate of 0.5 and 1Hz for ILS and flexural tests 
respectively. All captured data were then transferred to a personal computer for post 
processing. The procedures used to operate the MAND universal testing machine and data 
logging system are given in Appendix 5.1 and 5.2 respectively. 
Fig. 5.2.8 Mand testing machine equipped with electronic cabinet control panel 
All the data captured by the data logger were saved by the ORlON HT software under a 
filename extension .txt and later refonnatted into an .out file extension by using a MS DOS 
running data sort program. The .out file fonnat can be accessed by MS Excel program for 
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data manipulation. However, both the load and displacement measurements that were 
recorded from the Mand testing machine were in volts. Thus, conversion factors were 
required from the machine manufacturer to obtain the actual values and they are given as 
follows: 
D
. I () volt measurement from Mand + 0.0362 
lSP acement mm = 
0.4362 
volt measurement from Mand + 0.00l3 x 
Load (kN) = x 100 0.9927 
where x is the maximum load range set on the Mand testing machine. For all tests, the 
maximum load range was set to lOkN. 
Fig. 5.2.9 The Orion Schulumberger Solartron 3530D data logging system 
5.3 InterIaminar Shear (ILS) Properties 
5.3.1 Post processing of experimental results 
All the ILS strength and modulus results of the smart beams are summarised in Tables 5.4-
5.6 and Figs. 5.3.1-5.3.3, in which error bars on top indicate standard deviation. All 
individual test results with their corresponding load-displacement, and relevant stress-
strain plots are given in Appendix 5.3. 
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Fig. 5.3.1 ILSS of sensory smart beams with optical fibres in the longitudinal direction 
via the SBS method 
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Fig. 5.3.2 ILSS of sensory smart beams with optical fibres in the transverse direction 
via the SBS method 
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Fig.5.3.3 (a) ILLS and (b) ILS modulus of sensory smart beams determined by 
using the Iosipescu method 
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In the data analysis, it was assumed that the presence of optical fibres embedded at one 
side of the mid-plane of the host composite laminate does not invalidate elementary beam 
theory. Therefore, the results from the SBS tests were analysed according to Euler-
BernouIli beam theory. According to this theory, the ILS strength was assumed distributed 
parabolicaIly through the depth of the beam with the maximum occurring at the mid-plane. 
It was calculated by 
3P 
r =--
IL 4bd (5.3.1) 
where P is the maximum load applied, b is the width of beam and d is the depth of beam. 
For Iosipescu specimens, they were designed in such a way that a state of pure shear 
existed was at the region between the two V-notches, as illustrated in Fig. 5.3.4. Hence, the 
shear stress distribution in between these two notch roots was assumed uniform and the 
average shear stress value can be simply determined by dividing the value of the ultimate 
applied load by the cross-sectional area between the notches roots: 
P (5.3.2) r = 
wt 
where ris the average ILS stress, P is the ultimate load, w is the distance between the two 
notches, and t is the thickness of the specimen. 
For the shear strain, the response of the rosette SO was used to measure the respective 
tensile and compressive strain. If a pure shear strain condition exists, both tensile, 1I45, and 
compressive strains, e+45, should have an equal value but with opposite signs. The amount 
of shear strain used for the determination of shear modulus defined by 
(5.3.3) 
at 0.5%. Thus, the ILS modulus is calculated by 
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Fig.5.3.4 (a) Force (b) Shear and (c) Moment diagrams for the Iosipescu shear test method 
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5.3.2 Discussion of results 
Intact beams 
The baseline ILS strength of the intact beams was determined by both SBS and Iosipescu 
methods. The Iosipescu method was also used to determine the ILS modulus. In the SBS 
method, the average ILS strength value was 61.6±5 MPa while the value of 65.1±1l MPa 
was determined by the Iosipescu method. The large data scatter in the result from the 
Iosipescu method was because only three tests were conducted. Despite this, both ILS 
values were in good agreement. The ILS modulus determined by the Iosipescu method was 
6.1±1 GPa. Visual inspection of the majority SBS specimens revealed that the ILS failure 
initiated approximately at the mid-plane of the composite beams, as shown in Fig. 5.3.6. 
Thus, the local contact stress under the loader did not initiate failure in these SBS 
specimens. 
Delamination --+"'Co Mid-plane 
Fig. 5.3.6 A cross sectional view of the failed intact SBS ILS specimen 
Optical fibres in the longitudinal direction from SBS tests 
Optical fibres embedded at the mid-plane of the smart beams in the longitudinal direction 
did not cause a significant effect in the average ILS strength, as shown in Fig. 5.3.1, 
though delamination failure occurred at the embedded interface, as seen in Fig. 4.3.1(b). 
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As the longitudinal optical fibres (at the 1.5mm optical fibre-to-optical fibre spacing) 
sunken well into the two adjacent 0° plies, they did not create significant additional local 
stress concentration. Therefore, the average ILS strength did not suffer much degradation. 
For optical fibres embedded at one quarter position between 0° and _45 0 plies at the tensile 
region, they seemed to have forced themselves into the 00 ply, as a micrograph shown in 
Fig. 5.3.7. Even though the ply waviness formed in the micrograph was very small, the 
slight deformation in the optical fibre shape may have created a poor interfacial bonding. 
Nevertheless, the corresponding ILS strength did not suffer any degradation. In order to 
intensify the condition, the number of embedded optical fibres was increased to three or 
five by means of reducing the spacing between each optical fibre to Imm. In spite that 
delaminations were created at the embedment interface for some of these failed specimens, 
the corresponding ILS strengths did not seem to be affected as shown in Fig. 5.3.2. 
However, incidentally the highest reduction of 9% in the average ILS strength was 
reported from smart beams with three optical fibres at one-quarter location. As this data 
was stilI on the same order of the intact results, it appeared that the number of optical fibres 
in the longitudinal direction did not dictate the ILS strengths regardless of the through-the-
thickness embedded locations. 
Fig.5.3.7 A micrograph showing the cross-sectional view of optical fibres embedded 
between 00 and -450 plies in the longitudinal direction 
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Optical fibres in the transverse direction 
The earlier results provided the main reason for embedding optical fibres only at the mid-
plane in SBS specimens. The perspective that if resin pockets formed at the mid-plane 
under the maximum ILS stress did not initiate delamination, similar outcome would be 
expected with the optical fibres embedded in the quarter location. At the mid-plane, the 
size of the resin pockets was likely to be bigger because the optical fibre was now 
perpendicular to two adjacent 00 plies. This was confirmed by a micrograph in Fig. 4.3.2(a) 
with classical lenticular resin pockets. The size of one resin cavity in each longitudinal 
direction was estimated about eight times of the ply thickness or about 1.02 mm. 
As previously noted, there were two ways with which optical fibres could be embedded in 
the transverse direction. One was by centring the embedded optical fibres at the mid-span 
at an equal spacing of 1.5mm in the longitudinal direction while the other is by arranging 
these optical fibres in a symmetric manner and away from the mid-span. The former 
arrangement was intended to create local stress concentration under the loader whereas the 
latter was to prevent it. The optical fibres embedded away from the mid-span arrangement 
were also selected to allow a larger number of optical fibres to be inserted. In addition to 
extensive ply waviness and local debonding, embedding more than one optical fibre 
alongside one other could potentially create a coalition between the resin pockets, as 
shown in Fig. 4.3.2(b). 
With the formation of such major defect, it was expected that the corresponding average 
ILS strength would show an appreciable degradation. However the results in Fig. 5.3.2 still 
showed no significant effect, regardless of the number of optical fibres and the fact that 
most specimens in either embedment arrangement failed in delamination at the mid-plane. 
This finding appeared to be consistent with previous results produced by the same method 
from other authors [237,282]. Clearly, the effect of ply waviness and the presence of resin 
pockets did not initiate delamination. In fact, the micrograph shown in Fig. 5.3.8 revealed 
the possibility that delarnination failure initiated at one of the two free ends rather than 
where the optical fibres were embedded. There was also the likelihood that the optical 
fibres could have acted as a barrier to the propagation of delamination instead, and 
increased the ILS toughness at the embedded location, as reported in [299-300]. 
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Delaminations 
Optical fibre 
Fig. 5.3.8 A micrograph showing the initiation of delamination failure at 
one of the two free ends of a SBS smart beam 
Iosipescu tests were intended to confirm the results from SBS. Three optical fibres were 
embedded either at the mid-plane or at are quarter location as shown in Figs. 5.3.9-5.3.10 
so that the shear strain path had to pass through at least one of them. When the optical 
fibres were located at the quarter location, efforts were made to ensure that the middle 
optical fibre was placed right at the root of one of the two notches. Unfortunately, this was 
not achieved as shown in Figs. 5.3.9-5.3.10. This could possibly explain the negligible 
effect of the embedded optical fibres on the average ILS strength of the smart specimens 
when compared with those from intact, as shown in Fig. 5.3.3(a). Similarly, it seemed that 
the optical fibres at the quarter location did not cause a significant effect in the ILS 
modulus when compared with the intact specimens. However, the average ILS modulus of 
the smart specimens with optical fibre at the mid-plane seemed to show a notable reduction 
of 15%. This may have attributed to the relatively small number of strain-gauged 
specimens. Sometimes, cutting-induced microcracks at the notch roots of Iosipescu 
specimens could also initiate delamination failure. Nevertheless, this did not seem to be the 
case as the respective average ILSSs of the smart beams were greater than the intact value. 
Therefore, a more suitable method may still be needed in future investigation. 
5.4 Flexural Mechanical Properties 
5.4.1 Post processing of experimental results 
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All the test results for relating to the flexural properties of the smart beams are summarised 
in Tables 5.7-5.8 and Figs. 5.4.1-5.4.2, in which error bars on top indicate standard 
deviation. Additional information from [301] was also included in Tables 5.9-5.12 and 
Figs. 5.4.3-5.4.6 to assist discussion. All relevant individual data information with their 
corresponding load-displacement plots is given in Appendix 5.4. 
Fig. 5.3.9 A micrograph showing optical fibres embedded in the transverse 
direction between two collinear 0° plies at mid-plane in an Iosipescu 
smart specimen 
Fig.5.3.10 A micrograph showing optical fibres embedded in the transverse 
direction between 0° and +45° plies at quarter location in an 
Iosipescu smart specimen 
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Number of optical fibres 
(a) 
10F 20Fs 30Fs 50Fs 
41.2 40.8 37.9 
41.8 41.2 
43.0 37.3 
Number of optical fibres 
(b) 
Fig. 5.4.1 (a) Flexural strength and (b) flexural modulus of sensory smart beams 
with optical fibres in the longitudinal direction via three-point bending 
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(b) 
Fig.5.4.2 (a) Flexural strength and (b) flexural modulus of sensory smart beams 
with optical fibres in the transverse direction via three-point bending 
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Position of optical fibres 
(a) 
Position of optical fibres 
(b) 
Fig. 5.4.3 (a) Flexural strength and (b) flexural modulus of sensory smart beams 
with optical fibres in the longitudinal direction via three-point bending 
[301] 
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Position of optical fibres 
(a) 
Position of optical fibres 
(b) 
Fig. 5.4.4 (a) Flexural strength and (b) flexural modulus of sensory smart beams 
with optical fibres in the transverse direction via three-point bending 
[301] 
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Position of optical fibres 
(a) 
Position of optical fibres 
(b) 
Fig.5.4.5 (a) Flexural strength and (b) flexural modulus of sensory smart beams 
with optical fibres in the longitudinal direction via four-point bending 
[301] 
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Position of optical fibres 
(a) 
Position of optical fibres 
Cb) 
Fig. 5.4.6 Ca) Flexural strength and Cb) flexural modulus of sensory smart beams 
with optical fibres in the transverse direction via four-point bending [301] 
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In the analysis of flexural properties, it was assumed again that the presence of embedded 
optical fibres does not invalidate elementary beam theory. For three-point bending, the 
maximum bending stress occurs at the surface as given by 
(5.4.1) 
I is the second moment of area, P is the maximum or failure load, L is the support span, 
and band d is the width and depth respectively of the beam. This formula is for small 
deflections. When deflection of a beam became significant, the additional contribution due 
to large deflection had to be taken into account as 
3PL 0'=-(1+,1,) 
2bd 2 
where 
,1,= W(6W _ 4t) 
L L L 
(5.4.2) 
(5.4.3) 
in which w is the maximum deflection that was determined by the following expression 
w=<5-a (5.4.4) 
where <5 is the maximum displacement of the loader and a is the local indentation induced 
by the loader. The local indentation a was determined experimentally by loading a 
cylindrical indenter onto 4 mm thick intact beams. The intact beams had an approximate 
length of about 30 mm and were placed on a flat base. In these tests, the travel distance of 
the indenter was equivalent to the local indentation. A summary of the test results is given 
in Table 5.13 and Fig. 5.4.7. From the results of four individual specimens, an average was 
obtained up to a load level of 1.5 kN as all the flexural specimens failed below lkN. 
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On the basis of these results, the indentation law based on [302] was then established 
accordingly 
P = k,a" = 29.98a1.853 (504.5) 
where n of 1.853 is a power law exponent and ki of 29.98kN(mmrn is the stiffness 
constant. These indentation constants were determined respectively from the slope and the 
intercept constant of a logarithm plot between the load and the local indentation shown in 
Fig. 5.4.8. Rearranging Eq. (504.5) provides an expression for determining local 
indentation for the given load 
_ ( P )1'~53 a- --
29.98 
6 
5 
~ 4 
.g 3 
.3 2 
1 
o 
--+- Specimen 1 - .. - Specimen 2 
- -/r - Specimen 3 - iJ - Specimen 4 
--Average 
0.1 0.2 0.3 004 
Displacement, mm 
Fig.5A.7 Load-indentation plot for a cylindrical indenter 
(504.6) 
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For the flexural modulus, the shear correction and effects of large beam deflection was 
included by taking the slope, rn, of the load-displacement curve at a displacement of 3mm. 
The magnitude of the true flexural modulus can be expressed by 
E= L
3
rn 
4bd 3 
On the other hand, the true flexural modulus can also be determined by 
E = 4bt 3 [W-[ 3PL II 
SbtG13 
in which G13 = 5.3 ± 0.3 GPa 
(5.4.7) 
(5.4.8) 
The average flexural modulus for intact beams was calculated using both expressions and 
their corresponding results was compared, as summarised in Table 5.14. A 5% difference 
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was noted between both methods, which were well within the data scatter. Hence for 
consistency, Eq. (5.4.7) was applied for all f1exural modulus calculations. 
5.4.2 Discussion of results 
Intact beams 
The average flexural strength of the intact beams was measured to be 746±56MPa. This 
value was compared to a four-point bending measurement from [301] in which a f1exural 
strength of 668±42 MPa for the same support span was recorded. A difference of about 
12% between the two was reasonable and believed that the enhancement of local stress 
concentration in three point bend contributed to the difference [303]. The average f1exural 
modulus of 41.4±3.4 GPa compares well with that of 41.8±1.3 GPa from four-point bend. 
These data will still be compared with analytical prediction of the CLT later. Visual 
examination showed that the initiation of f1exural failure in a large number of three-point 
bend intact specimens occurred directly below the loader, at the first _45%° interface of 
the compressive region and propagated towards either ends as appeared in Fig. 5.4.9. 
Failure occurred in four-point bend specimens were at the similar interface [301]. 
/Delamination 
---.....,.,.., .......... -, 
Fig. 5.4.9 A micrograph of a failed intact beam loaded in f1exural via three-point bend 
Optical fibres in the longitudinal direction 
Optical fibres embedded at the mid-plane in the longitudinal direction were not expected to 
affect the average bending strength and should be close to that of intact beams, as shown in 
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Fig. 5.4.1 and Table 5.7. This reflected the reasoning that the bending stress at the mid-
plane was zero so that the optical fibres could not have significant influence over the 
bending stress. In addition, the optical fibres sunk well into between two 0° adjacent plies, 
as seen in a micrograph in Fig. 4.1.3(a). Similarly, the average flexural modulus compared 
well with that of the intact beams. All specimens failed in the compressive region below 
the loader. 
When optical fibres were embedded at a single quarter location, they were forced into the 
adjacent 0° ply as micrographs in Figs. 5.3.7 and 5.4.10 show, thereby causing some 
degree of waviness in the neighbouring plies of the beam. Even with such disturbance, 
there was no noticeable effect on the flexural properties. Furthermore, the optical fibres did 
not initiate the flexural failure of these specimens. These findings have motivated further 
investigations by [301] in which the embedment conditions were made worst by increasing 
the number of optical fibres symmetrically in the beam, and also at different interfaces. In 
all these scenarios, neither the stressed optical fibres/45° ply crossing nor the local stress 
concentration was sufficient to cause a degradation in the flexural properties, as shown in 
Figs. 5.4.3 and 5.4.5, and Tables 5.7, 5.9 and 5.11. Nevertheless, a substantial number of 
the failed specimens did show flexural failure involving the embedment interfaces as 
shown in Fig. 5.4.11. 
Fig. 5.4.10 A micrograph of a smart sensory beam with five optical fibres embedded 
in the longitudinally direction at a single quarter location 
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Failed region 
Fig. 5.4.11 A micrograph of a failed specimen with six optical fibres embedded in 
the longitudinal direction at two 0°/_45° ply interface 
Optical fibres in the transverse direction 
Embedding optical fibres in the transverse direction with respect to one of its adjacent plies 
created resin pockets and their respective size became largest at the mid-plane, as observed 
in Figs. 5.4.12. However, the flexural strength at this location was minimum and therefore 
the existence of resin pockets did not cause a noticeable effect as observed from Fig 5.4.2 
and Table 5.S. 
When the optical fibres were embedded at the quarter location in the tensile region, the 
flexural strength was not noticeably degraded. A large number of failed specimens 
revealed that flexural failure was initiated in the compressi ve region away from the 
embedded optical fibres. Recognizing this, a significant degradation of the flexural 
strength would be likely when optical fibres were embedded closer to the loading surface. 
Such speculation was confirmed with the presence of five optical fibres embedded in the 
compressive region, as shown in Fig. 5.4.13. Here, optical fibres embedded symmetrically 
at quarter location caused the flexural strength to reduce by 22% when compared to those 
from intact in three-point bending, as observed in Fig. 5.4.2 (a). Similarly, a reduction of 
23% in flexural strength was observed when the optical fibres were embedded at 29-30 ply 
interface (compressive region) and slightly higher, 29% when the optical fibres were 
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embedded symmetrically, as shown in Fig 5.4.4(a) [301]. In four-point bending, the 
respective average flexural strength suffered a substantial degradation of about 14% and 
25%, as shown in Fig. 5.4.6. Moreoever, the initiation of flexural failure was associated 
with the embedment interface as shown in Fig. 5.4.14. On the other hand, the strength 
reduction was not significant when the embedment interface was close to the tensile 
surface in four-point bending when flexural failure of four-point bend specimens as shown 
in Fig 5.4.15. For the flexural modulus of these smart beams, it appeared that the presence 
of optical fibres did not cause a significant effect in both three-point and four-point 
bending, as shown in Fig. 5.4.2(b), 5.4.4(b) and 5.4.6(b). 
Fig. 5.4.12 A micrograph of a specimen with two optical fibres embedded 
transversely at mid-plane 
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Fig. 5.4.13 A micrograph of a specimen failed in the compressive region with five 
optical fibres embedded symmetrically in the transverse direction at the 0°/_ 
45° ply interface 
.11 ; nltliKwUeet; M*"",t « 
Fig. 5.4.14 A micrograph of a specimen failed in the compressive region with five 
optical fibres embedded in the transverse direction at the 0°/_45° ply interface 
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Fig. 5.4.15 A micrograph of a specimen failed in the tensile region with five optical 
fibres embedded in the transverse direction at the 0°/_45° ply interface 
Despite the substantial size of resin pockets in some ILS tests using the SBS and Iosipescu 
methods, both ILS strength and modulus were found not to suffer substantial reduction, 
irrespective of their orientation or through-the-thickness location. It may thus be speculated 
that the initiation of delamination failure may not have originated from where the optical 
fibres were embedded rather than at one of the free ends or the notch roots. Consequently, 
this area may need future investigation with a different method. 
Fiexural properties were investigated by three-point and four-point bending methods. The 
flexural modulus of these smart beams were shown to suffer no degradation at all, 
irrespective their orientation or through-the-thickness location. It was also found that the 
flexural strength did not suffer any noticeable degradation when the embedded optical 
fibres were either in the longitudinal direction of the beams or in the tensile region of the 
transverse direction. It was shown that the flexural strength degraded significantly when 
the optical fibres embedded in the transverse direction were in the compressi ve region. 
Such degradation became greater when the embedded optical fibres were closer to the 
compressive surface of smart beams andlor when the beams were tested in three-point 
bending. 
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Generally, these mechanical properties results had confirmed that the sensor performance 
would not be affected when embedded at the 24-25 ply interface of the tensile region in the 
smart beam. Although the sensor has a larger diameter than the optical fibre, it was 
anticipated that its effect on mechanical properties would be less than expected because the 
sensor was not extended through the beam like the optical fibres. Furthermore, the 
interfacial bonding between the sensor and its adjacent plies were expected to be much 
stronger as the silica tubings were coated with polyimide. Hence, the embedded sensor 
would not cause a noticeable degradation of these mechanical properties. 
5.5 Analysis Using Classical Laminate Theory 
One of the main benefits of using the CLT was that it allowed the flexural modulus, Ex, of 
a composite beam to be predicted and this could be achieved by using the following 
expression [304] 
E = 12 
x D'd 3 
II 
(5.5.1) 
where d is the laminate thickness, and D; [ is the element of the first row and the first 
column of the inverted bending stiffness matrix. In order to establish the value of D;[, the 
bending stiffness matrix, [Dij]' must first be calculated. Generally, the [Dij] is given by 
(5.5.2) 
in which Zk is the distance of kth ply from the mid-plane that was counted from the top of 
the laminate, as shown in Fig. 5.5.1. [Qij 1 are defined by 
(5.5.3) 
where 
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Ql1 = Ql1 COS 4 0 + 2(Q12 + 2Q •• )sin' Ocos2 0+ Q22 sin4 0 
Ql' =(Q11 +Q22 -4Q •• )sin'Ocos20+Q12(sin40+cos40) 
Q2' = Ql1 sin4 0 + 2(Q12 + 2Q •• )sin 2 Ocos2 0 + Q22 cos4 0 
Ql. = (Ql1 - Q12 - 2Q •• ) sin 0 cos 3 0 + (Q12 - Q22 + 2Q •• ) sin 3 0 cos 0 
Q,. =(Ql1 -Q12 -2Q •• )sin 3 0cosO+(Q12 -Q22 + 2Q •• )sin Ocos3 0 
Q •• =(Q11 +Q12 -2Q12 -2Q •• )sin 2 0cos'O+Q •• (sin 4 0+cos 4 0) 
and 
(5.5.4) 
(5.5.5) 
The parameters Ell, E22 are the Young's modulus in the fibre direction and perpendicular 
to the fibres, respectively; VI2, V21 are the major and minor Poisson's ratio; and G12 is the 
in-plane shear modulus. These VD mechanical properties of T700ILTM45-EL with the ply 
thickness of 0.128 mm were given earlier in Table 4.1 of Chapter 4. By substituting these 
values into Eq. (5.5.5), the reduced stiffness matrix, [QijJ, for the present lay-up (+45°/90°/_ 
450/00hs, the bending matrix [DJ can be obtained as follows 
0] [127.88 
o = 2.84 
Q.. 0 
2.84 
9.16 
o 
~ ]GPa 
5.60 
2.84 
9.16 
o 
~ ] GPa 
5.60 
(5.5.6) 
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[41.28 
[Qij to = 30.08 
29.68 
30.08 
41.28 
29.68 
2.84 
127.88 
o 
29.68] 
29.68 GPa 
31.26 
~ ]GPa 
5.60 
[ 
41.28 
[Qij Lw = 30.08 
-29.68 
30.08 
41.28 
-29.68 
-29.68] 
-29.68 GPa 
31.26 
D!6] [276.S0 101.S6 
D26 = 10 1.56 336.91 
D66 16.93 16.93 
Thus inverse of the above gives 
16.93] 
16.93 GPa-mm3 
112.40 
[
0.004088 -0.0012 
[D']= [DJ! = -0.0012 0.0033S 
-0.00043 -0.00032 
-0.00043] 
-0.00032 (GPa-mm3rl 
0.00901 
(S.S.7) 
(S.S.8) 
(S.S.9) 
On the basis of the average thickness of the intact beams given in Table AS.4.1 and the D;! 
value from above, the flexural modulus was calculated to give a value as 
E =: 12 47.6GPa 
f 0.004088x(3.9S)' 
This predicted value was about IS% higher than the average experiment value of 41.36GPa 
as obtained previously. The experimental error and variation of the parameters used in the 
prediction were most likely to have contributed to the difference. In addition, the ply 
thickness value used in the prediction was based on an uncured ply. Obviously, resin bleed 
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during the cure process could reduce the ply thickness slightly and therefore, using the 
original thickness in the computation could overestimate the flexural modulus to a small 
extent. 
The CLT analysis was also applied to determine the stress distribution through the 
thickness of the laminate, which will be very useful in later stress analysis. What was 
presented followed reference [304], and is done so for the convenience of later discussion. 
For a kth ply in a laminate, a state of stress can be related to the corresponding strain by 
(5.5.10) 
curvature as 
(5.5.11) 
where Kx and Ky are the bending curvatures and Kxy is the twist curvature of the mid-surface 
Both mid-surface strains and curvatures values were determined from the moment 
resuitants, M in the laminate, which can be expressed as 
(5.5.12) 
where [Bij] are the coupling stiffness. As the existing composite laminate is symmetrical at 
mid-plane and the composite beam was loaded in three-point bend, the coupling stiffness 
and mid-plane strain values were zero respectively. Therefore Eq. (5.5.12) becomes, 
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(5.5.13) 
By rearranging Eq. (5.5.13), the corresponding curvature values can be detennined from 
the expression 
(5.S.14) 
Since the composite beams were loaded in three-point bend, My = Mxy = O. For M" the 
value was detennined by diving the bending moment with the width of an intact beam, 
which can be expressed as 
M =M =PL (N) 
x b 4b 
(S.S.1S) 
With the experimental results from intact beams given in Table AS.4.1, both the average 
load and width values, and the corresponding span length were substituted into Eq. (5.S.1S) 
to give 
M = PL 0.41x8S 1923.29N 
x 4b 4x4.S3 
(S.S.16) 
The values from Eq. (S.5.16) and (S.S.9) was then substituted into Eq. (5.S.l4), which 
yields 
I K~ 1 [0.004088 K~ = -0.0012 K~ -0.00043 -0.0012 0.0033S -0.00032 -0.00043]11923.29) [ 7.8624] -0.00032 0 = -2.3281 m'! 0.00901 0 -0.8336 (S.5.17) 
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With the curvature values from Eq. (5.5.17), the strains in the laminate could now be 
determined using Eq. (5.5.11) and their corresponding through-the-thickness values of the 
laminate is summarised in Table 5.15. Consequently, a state of stress can be computed 
using Eq. (5.5.10) and they are summarised in Table 5.16 and shown in Fig. 5.5.2. 
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Similarly, the principal ply stresses in the laminate can be evaluated by transforming the 
global stresses by 
1
11'1] [ cosz B 
. zB I1'z = SIn 
1',Z -sinBcosB 
sinzB 
cosz B 
sinBcosB 
(5.5.18) 
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The values of the [T] matrix are unique as it is dependent on the fibre orientation of the 
laminate. For the current lay-up, the [T] matrices were defined accordingly as 
[
0.5 
[Tl.s = 0.5 
-0.5 
o 1 [0.5  [TLs = 0.5 
-1 0.5 
0.5 
0.5 
-0.5 
(5.5.19) 
The relevant [T] matrices were substituted into Eq. (5.5.18) and the corresponding 
principle stresses for each global stresses of the laminate were determined. The results are 
summarised in Table 5.17 and shown in Fig. 5.5.3. 
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Table 5.1 Summary of locations and orientations of embedded optical fibres in ILS test 
specimens using SBS method 
Position of OFs Orientation of No.ofOFs Spacing between OFs No. of 
OFs tests 
Intact - - - 8 
Mid-plane Longitudinal 2 1.5 mm 8 
3 1.5 mm 9 
1 - 6 
Mid-plane Transverse 2 1.5 mm 5 
3 1.5 mm 5 
1 - 6 
2 1.5 mm 6 
25th-26th interface Longitudinal 3 1.0 mm 6 
5 1.0 mm 6 
2 
- 6 
Mid-plane Transverse 4 1.5 mm 5 
(centrally_symmetric) 6 1.5 mm 6 
Table 5.2 Summary of locations and orientations of optical fibres in Iosipescu shear test 
specimens 
Position of OFs Orientation No.ofOFs Spacing between No. of tests 
ofOFs OFs 
Intact - - - 6 
Mid-plane Transverse 3 1.5 mm 5 
24th-25th interface Transverse 3 1.5 mm 6 
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Table 5.3 Summary of locations and orientations of optical fibres III flexural test 
specimens 
Position of OFs Orientation Symmetry No.ofOFs 
ofOFs per interface 
Intact * - - -
Longitudinal - 1 
Mid-plane Longitudinal - 2 
Longitudinal 
- 3 
Transverse 
- 1 
Mid-plane Transverse - 2 
Transverse - 3 
24th-25th interface J:2.!!g~~~i!!.~L .Q!!.~Y~~~!:i_~~ 2 
----------------------- ------_._-------------
25th-26th interface J-o_I!g!!?~!!.~! ... c!:I~~.~~!.!£~l 5 
---------------------------------- --------------------_. 
8th-9th & 24th-25th Longitudinal Symmetrical 2 
interfaces ** 
-------------------------------- ---_ .. _--------_ .. ---------------_._-- --------------._--
7th-8th & 25th-26th Longitudinal Symmetrical 3 
interfaces ** 
Transverse Un symmetrical 1 
24th-25th interface Transverse Unsymmetrical 2 
Transverse Unsymmetrical 3 
Transverse .Q!!.~2'E!-.~~~!.!'!~ 5 
--.-------._--------------------- ---------------------------- -------------------
7th-8th & 25th-26th Transverse Symmetrical 5 
interfaces ** 
3rd-4th interface** _!-:2.!!gi~E_qil!~L .Q!!~y~~tri~~l 3 
--------------------------------- .------------------
29th-30th Longitudinal Unsymmetrical 3 
interface** 1---_ .... _----_. __ ... _. 
----------------------------------- ---------.------------- ------------------
3rd-4th & 29th-30th Longitudinal Symmetrical 3 
interfaces** 
3rd-4th interface* * Transverse Q~~Y~.~.~!!.!~.l!! 5 
---------------------------- -------------- ---------------------
29th-30th Transverse Unsymmetrical 5 
interface** 
---------------------------- ----------------- ------------------- --------------------
3rd-4th & 29th-30th Transverse Symmetrical 5 
interfaces** 
OFs denotes optical fibres 
* denotes tests performed by reference [301] were also included 
** denotes tests performed by reference [301] 
Spacing No. of 
betweenOFs tests 
- 15 
- 3 
1.5 mm 5 
1.5 mm 10 
- 6 
1.5 mm 6 
1.5 mm 6 
1.5 mm 7 
-.-._---_.--------_. __ . -_._-_._---_.--
1.0 mm 6 
----------------._--------_. _.--------------
1.5 mm 9 
------------------ -----------
1.5 mm 5 
- 4 
1.5 mm 5 
1.5 mm 4 
1.5 mm 4 
-----------------
-----------
1.5 mm 11 
1.5 mm 6 
-------------------- -------------
1.5 mm 6 
------------------ ----------
1.5 mm 8 
1.5 mm 10 
---------------------- -----------
1.5 mm 11 
--------------------- ------------
1.5 mm 11 
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Table 5.4 SBS ILSS results with optical fibres in the longitudinal direction 
NO.ofOFs Mid-plane Quarter location 
VOFf ILSS Diff. VOFf ILSS Diff. 
% MPa % % MPa % 
Intact - 61.6+5.1 - - 61.6+5.1 -
10F - - - 0.32 60.3+3.8 -2 
20Fs 0.52 64.1±2.4 +4 0.62 64.0±1.4 +4 
30Fs 0.65 59.5±2.9 -3 0.78 56.2±5.2 -9 
50Fs - - - 1.23 60.8±2.1 -1 
VOFf denotes the volume fraction of OFs. 
Diff. denotes the value difference of the intact and smart specimens. 
Table 5.5 SBS ILS results with optical fibres in the transverse direction at mid-plane 
NO.ofOFs Central arrangement Off-central arrangement 
VOFf ILSS Diff. VOFf ILSS Diff. 
% MPa % % MPa % 
Intact - 61.6+5.1 - - 61.6+5.1 -
10F 0.06 58.2±5.2 -6 - - -
20Fs 0.12 61.0±8.4 <1 0.12 61.9±O.7 <1 
30Fs 0.19 59.6+4.4 -3 - - -
40Fs - - - 0.24 62.6+1.9 +2 
60Fs - - - 0.38 58.0±1.0 -6 
Table 5.6 Iosipecsu ILS results with three optical fibres in the transverse direction 
Position of OFs VOFf ILSS Diff. ILS modulus Diff. 
% MPa % GPa % 
Intact - 65.3+12.2 - 6.1+1.0 -
Mid-plane 0.08 66.2±9.6 +2 5.2±0.2 -15 
Between 24-25 0.08 69.5±3.6 +7 6.5±1.0 +7 
ply 
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Table 5.7 Three-point flexural results with optical fibres in the longitudinal direction 
Position of Properties Number of optical fibres 
OFs Intact 10F 20Fs 30Fs 50Fs 
VOFf, % - 0.30 0.50 0.76 -
Flexural strength, MPa 746+56 724+5 707+22 678+85 -
Mid-plane Diff. % - -3 -5 -9 -
Flexural modulus, GPa 41.4+3.4 41.2+1.8 40.8+1.7 37.9+2.9 -
Diff. % - <1 -1 -8 -
V OFf,% - - 0.54 - 1.00 
Single Flexural strength, MPa 746+56 - 745+19 - 764+40 
quarter Diff. % - - <1 - +2 
location Flexural modulus, GPa 41.4+3.4 - 41.8+1.8 - 41.2+1.1 
Diff. % - - +1 - <1 
VOFf, % - - 0.9 1.56 -
Symmetric Flexural strength, MPa 746+56 - 731+15 683+48 -
quarter Diff. % - - -2 -8 -
location Flexural modulus, GPa 41.4+3.4 - 43.0+0.7 37.3+2.3 -
** Diff. % - - +4 -10 -
Table 5.8 Three-point flexural results with optical fibres embedded in the transverse 
direction 
Position of Properties Number of optical fibres 
OFs Intact 10F 20Fs 30Fs 50Fs 
V OFf,% - 0.Q1 0.03 0.04 -
Flexural strength, MPa 746±56 679+88 694+72 728+70 -
Mid-plane Diff. % - -9 -7 -2 -
Flexural modulus, GPa 41.4+3.4 34.8+4.8 35.6+4.3 40.6+5.3 -
Diff. % - -16 -14 -2 -
V OFf,% - 0.02 0.03 0.05 0.08 
Single Flexural strength, MPa 746+56 688+18 680+49 679+20 703±31 
quarter Diff. % - -8 -9 -9 -6 
location Flexural modulus, GPa 41.4+3.4 43.8+3.6 37.3+2.7 37.8+4.0 41.4+4.3 
Diff. % - +6 
-10 -8.5 <1 
VOFf, % - - - - 0.15 
Symmetric Flexural strength, MPa 746+56 - - - 581+41 
quarter Diff. % - - - - -22 
location** Flexural modulus, GPa 41.4+3.4 - - - 38.3+4.9 
Diff. % - -
- - -7 
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Table 5.9 Three point flexural results with optical fibres embedded in the longitudinal 
direction from reference [301] 
Position of OFs Properties Number of optical fibres 
Intact 30Fs Diff. % 
VOFf, % - 0.78 -
3rd-4th interface Flexural strength, MPa 746±56 723±24 -3 
Flexural modulus, GPa 41.4±3.4 41.0±1.3 <1 
VOFf, % - 0.90 -
29th-30th interface Flexural strength, MPa 746±56 685±41 -8 
Flexural modulus, GPa 41.4±3.4 42.5±1.4 +3 
Symmetric VOFf, % - 1.71 -
3rd-4th & 29th-30th Flexural strength, MPa 746±56 688±18 -8 
interfaces Flexural modulus, GPa 41.4±3.4 37.4±2.2 -9 
Table 5.1 0 Three point flexural results with optical fibres embedded in the transverse 
direction from reference [301] 
Position of OFs Properties Number of optical fibres 
Intact 50Fs Diff. % 
VOFf, % - 0.07 -
3rd-4th interface Flexural strength, MPa 746±56 683±37 -8 
Flexural modulus, GPa 41.4±3.4 38.6±1.0 -7 
VOFf, % - 0.08 -
29th-30th interface Flexural strength, MPa 746±56 578+27 -23 
Flexural modulus, GPa 41.4±3.4 38.0±4.2 -8 
Symmetric VOFf, % - 0.15 -
3rd-4th & 29th-30th Flexural strength, MPa 746±56 528+24 -29 
interfaces Flexural modulus, GPa 41.4±3.4 39.4±2.7 -5 
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Table 5.11 Four-point flexural results with optical fibres embedded in the longitudinal 
direction from reference [301] 
Position of OFs Properties Number of optical fibres 
Intact 30Fs Diff. % 
VOFf,% - 0.89 -
3rd-4th interface FIexural strength, MPa 668+42 651+34 -3 
Flexural modulus, GPa 41.8+\.3 42.1+1.2 <I 
VOFf,% - 0.86 -
29th-30th interface Flexural strength, MPa 668+42 660+21 -1 
FIexural modulus, GPa 41.8+1.3 4\.3+1.9 -1 
Symmetric VOFf, % - 1.75 -
3rd-4th & 29th-30th Flexural strength, MPa 668+42 665+17 <1 
interfaces Flexural modulus, GPa 41.8+\.3 42.1+1.7 <1 
Table 5.12 Four-point flexural results with optical fibres embedded in the transverse 
direction from reference [301] 
Position of OFs Properties Number of optical fibres 
Intact 50Fs Diff. % 
VOFf, % - 0.08 -
3rd-4th interface Flexural strength, MPa 668+42 605+72 -9 
FIexural modulus, GPa 41.8+1.3 42.4+1.7 +1 
VOFf,% - 0.Q7 -
29th-30th interface FIexural strength, MPa 668+42 577+15 -14 
Flexural modulus, GPa 41.8+\.3 43.6+1.8 +4 
Symmetric VOFf, % - 0.16 -
3rd-4th & 29th-30th FIexural strength, MPa 668+42 503+27 -25 
interfaces Flexural modulus, GPa 41.8+1.3 42.7+1.3 -2 
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Table 5.13 A summary of the indentation measurement for four individual specimens at 
different load levels 
Load Indent Indent Indent Indent Ave Log(P) Log 
(P) 1 2 3 4 (Ind) 
(kN) (mm) (mm) (mm) (mm) (mm) y x x2 l xy 
0.0 0 0 0 0 0 - - - - -
0.1 0.0389 0.0500 0.0610 0.0890 0.0597 -1.0000 -1.2238 1.4978 2.2434 1.2238 
0.2 0.0528 0.0610 0.0890 0.1056 0.0771 -0.6990 -1.1129 1.2386 1.5342 0.7779 
0.3 0.0722 0.0722 0.1028 0.1167 0.0910 -0.5229 -1.0411 1.0838 1.1747 0.5444 
0.4 0.0806 0.0889 0.1111 0.1278 0.1021 -0.3979 -0.9910 0.9821 0.9645 0.3944 
0.5 0.0917 0.1028 0.1194 0.1361 0.1125 -0.3010 -0.9489 0.9004 0.8107 0.2856 
0.6 0.1028 0.1167 0.1278 0.1500 0.1243 -0.2218 -0.9054 0.8198 0.6721 0.2009 
0.7 0.1139 0.1306 0.1389 0.1611 0.1361 -0.1549 -0.8661 0.7501 0.5627 0.1342 
0.8 0.1278 0.1417 0.1444 0.1722 0.1465 -0.0969 -0.8341 0.6957 0.4841 0.0808 
0.9 0.1361 0.1528 0.1528 0.1833 0.1562 -0.0458 -0.8062 0.6500 0.4225 0.0369 
1.0 0.1472 0.1597 0.1597 0.1944 0.1653 0.0000 -0.7818 0.6113 0.3736 0.0000 
1.1 0.1556 0.1667 0.1667 0.2056 0.1737 0.0414 -0.7603 0.5781 0.3342 -0.0315 
1.2 0.1611 0.1708 0.1708 0.2167 0.1799 0.0792 -0.7451 0.5552 0.3082 -0.0590 
1.3 0.1694 0.1806 0.1833 0.2278 0.1903 0.1139 -0.7206 0.5193 0.2697 -0.0821 
1.4 0.1750 0.1889 0.1972 0.2389 0.2000 0.1461 -0.6990 0.4886 0.2387 -0.1021 
1.5 0.1861 0.2000 0.2083 0.2500 0.2111 0.1761 -0.6755 0.4563 0.2082 -0.1190 
1.6 0.1940 0.2194 0.2194 0.2639 0.2242 0.2041 -0.6494 0.4217 0.1779 -0.1326 
1.7 0.2028 0.2278 0.2333 0.2917 0.2389 0.2304 -0.6218 0.3866 0.1495 -0.1433 
1.8 0.2139 0.2333 0.2500 0.3417 0.2597 0.2553 -0.5855 0.3428 0.1175 -0.1495 
~ 2.42.18 2.6638 2.8359 3.4725 2.8485 -2.1937 -14.969 12.9783 11.0464 2.8599 
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Table 5.14 A summary of the average flexural modulus for intact beams calculated using 
Eq. (5.4.7) and (5.4.8) 
Specimen k:alculated Flexural Modulus, E (GPa) 
number 
Eq. (5.4.7) Eq. (5.4.8) 
1 38.17 36.72 
2 42.53 38.31 
3 37.69 35.40 
4 38.59 37.58 
5 41.68 42.56 
6 40.59 40.78 
7 45.25 47.68 
8 40.18 38.66 
9 41.47 41.01 
10 51.06 52.85 
11* 41.95 36.02 
12* 42.75 36.75 
13* 40.19 35.16 
14* 38.64 34.37 
15* 39.68 36.19 
Ave= 41.36 39.34 
SD= 3.36 5.10 
(SDlMean)%= 8.12 12.96 
* denotes test results obtained from reference [301] 
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Table 5.15 The through-the-thickness strain variation in a laminate determined by CLT 
N Ply distance from mid-plane IlEx IlEy Yxy 
(mm) 
Zo 2.048 -16.10 4.77 1.71 
Zl 1.920 -15.10 4.47 1.60 
Z2 1.792 -14.09 4.17 1.49 
Z3 1.664 -13.08 3.87 1.39 
Z4 1.536 -12.08 3.58 1.28 
Z5 1.408 -11.07 3.28 1.17 
Z6 1.280 -10.06 2.98 1.07 
Z7 1.152 -9.06 2.68 0.96 
Z8 1.024 -8.05 2.38 0.85 
Z9 0.896 -7.04 2.09 0.75 
ZlO 0.769 -6.04 1.79 0.64 
Zl1 0.640 -5.03 1.49 0.53 
Z12 0.512 -4.03 1.19 0.43 
Z13 0.384 -3.02 0.89 0.32 
Z14 0.256 -2.01 0.60 0.21 
Z15 0.128 -1.01 0.30 0.11 
Z16 0.000 0.00 0.00 0.00 
Z17 -0.128 1.01 -0.30 -0.11 
Z18 -0.256 2.01 -0.60 -0.21 
Z19 -0.384 3.02 -0.89 -0.32 
Z20 -0.512 4.03 -1.19 -0.43 
Z21 -0.640 5.03 -1.49 -0.53 
Z22 -0.768 6.04 -1.79 -0.64 
Z23 -0.896 7.04 -2.09 -0.75 
Z24 -1.024 8.05 -2.38 -0.85 
Z25 -1.152 9.06 -2.68 -0.96 
Z26 -1.280 10.06 -2.98 -1.07 
Z27 -1.408 11.07 -3.28 -1.17 
Z28 -1.536 12.08 -3.58 -1.28 
Z29 -1.664 13.08 -3.87 -1.39 
Z30 -1.792 14.09 -4.17 -1.49 
Z31 -1.920 15.10 -4.47 -1.60 
Z32 -2.048 16.10 -4.77 -1.71 
N denotes notation 
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Table 5.16 The through-the-thickness global bending stress variation in a laminate 
determined by CLT 
N Ply 0 crx cry '1:xy N Ply 0 crx cry '1:xy 
distance (MPa) (MPa) (MPa) distance (MPa) (MPa) (MPa) 
from from 
mid- mid-
plane plane 
(mm) (mm) 
Zo 2.048 45 -470.60 -236.86 -283.01 Z17 -0.128 0 127.85 0.13 -0.60 
Zl 1.920 45 -441.19 -222.06 -265.32 Z17 -0.128 -45 35.75 21.14 -24.36 
Zl 1.920 90 -125.62 528.75 8.96 Z18 -0.256 -45 71.49 42.27 -48.72 
Z2 1.792 90 -117.25 493.50 8.36 Z18 -0.256 90 16.75 -70.50 -1.19 
Z2 1.792 -45 -500.44 -295.92 341.02 Z19 -0.384 90 25.12 -105.75 -1.79 
Z3 1.664 -45 -464.70 -274.78 316.66 Z19 -0.384 45 88.24 44.41 53.06 
Z3 1.664 0 -1662 -1.66 7.77 Z20 -0.512 45 117.65 59.20 70.75 
Z4 1.536 0 -1534 -1.54 7.17 Z20 -0.512 0 511.39 0.51 -2.39 
Z4 1.536 45 -352.95 -117.65 -212.26 Z21 -0.640 0 639.23 0.64 -2.99 
Zs 1.408 45 -323.54 -162.84 -194.57 Z21 -0.640 -45 178.73 106 -121.79 
Zs 1.408 90 -92.12 387.75 6.57 Z22 -0.768 -45 214.47 126.8 -146.15 
Z6 1.280 90 -83.75 352.50 5.97 Z22 -0.768 90 50.25 -211.50 -3.58 
Z6 1.280 -45 -357.46 -211.37 243.59 Z23 -0.896 90 58.62 -246.75 -4.18 
Z7 1.152 -45 -321.71 -190.23 219.23 Z23 -0.896 45 205.89 103.6 125.00 
Z7 1.152 0 -1151 -1.15 5.38 Z24 -1.024 45 235.30 118.4 141.51 
Z8 1.024 0 -1022.8 -1.02 4.78 Z24 -1.024 0 1022 1.02 -4.78 
Z8 1.024 45 -235.30 -118.43 -141.51 Z25 -1.152 0 1151 1.15 -5.38 
Z9 0.896 45 -205.89 -103.63 -125.00 Z25 -1.152 -45 321.71 190.2 -219.23 
Z9 0.896 90 -58.62 246.75 4.18 Z26 -1.280 -45 357.46 211.4 -243.59 
ZlO 0.769 90 -50.25 211.50 3.58 Z26 -1.280 90 83.75 -352.50 -5.97 
ZlO 0.769 -45 -214.47 -126.82 146.15 Z27 -1.408 90 92.12 -387.75 -6.57 
Zll 0.640 -45 -178.73 -105.69 121.79 Z27 -1.408 45 323.54 162.8 194.57 
Zll 0.640 0 -639.23 -0.64 2.99 Z28 -1.536 45 352.95 117.7 212.26 
Z12 0.512 0 -511.39 -0.51 2.39 Z28 -1.536 0 1534 1.54 -7.17 
Z12 0.512 45 -117.65 -59.20 -70.75 Z29 -1.664 0 1662 1.66 -7.77 
Z13 0.384 45 -88.24 -44.41 -53.06 Z29 -1.664 -45 464.70 274. 8 -316.66 
Z13 0.384 90 -25.12 105.75 1.79 Z30 -1.792 -45 500.44 295.9 -341.02 
Z14 0.256 90 -16.75 70.50 1.19 Z30 -1.792 90 117.25 -493.50 -8.36 
Z14 0.256 -45 -71.49 -42.27 48.72 Z31 -1.920 90 125.62 -528.75 -8.96 
ZIS 0.128 -45 -35.75 -21.14 24.36 Z31 -1.920 45 441.19 222.1 265.32 
ZI5 0.128 0 -127.85 -0.13 0.60 Z32 -2.048 45 470.60 236.9 283.01 
ZI6 0.000 0 0.00 0.00 0.00 
o denotes orientation 
130 
Table 5.17 A summary of the principle stress distribution through-the-thickness 
determined using classical laminate theory 
N Ply 0 (JI (J2 1:"12 N Ply 0 (JI(MPa) (J2(MPa) 
distance (MPa) (MPa) (MPa) distance 
from mid- from mid-
Iplane(mm) Iplane(mm' 
Zo 2.048 45 -636.74 -70.72 116.87 ZI7 -0.128 0 127.85 0.13 
ZI 1.920 45 -596.94 -66.30 109.57 ZI7 -0.128 -45 52.80 4.08 
Zl 1.920 90 528.75 -125.62 -8.96 Zl8 -0.256 -45 105.60 8.17 
Z2 1.792 90 493.50 -117.25 -8.36 ZI8 -0.256 90 -70.50 16.75 
Z2 1.792 -45 -739.20 -57.16 -102.26 Zl9 -0.384 90 -105.75 25.12 
Z3 1.664 -45 -686.40 -53.08 -94.96 ZI9 -0.384 45 119.39 13.26 
Z3 1.664 0 -1662 -1.66 7.77 Z20 -0.512 45 159.19 17.68 
Z4 1.536 0 -1534 -1.54 -7.17 Z20 -0.512 0 511.39 0.51 
Z4 1.536 45 -477.56 -53.04 87.65 Z21 -0.640 0 639.23 0.64 
Zs 1.408 45 -437.76 -48.62 80.35 Z21 -0.640 -45 264.00 20.41 
Zs 1.408 90 387.75 -92.12 -6.57 Z22 -0.768 -45 316.80 24.50 
Z6 1.280 90 352.50 -83.75 -5.97 Z22 -0.768 90 -211.50 50.25 
Z6 1.280 -45 -528.00 -40.83 -73.04 Z23 -0.896 90 -246.75 58.62 
Z7 1.152 -45 -475.20 -36.74 -65.74 Z23 -0.896 45 279.75 29.76 
Z7 1.152 0 -1151 -1.15 5.38 Z24 -1.024 45 318.37 35.36 
Z8 1.024 0 -1023 -1.02 4.78 Z24 -1.024 0 1022.77 1.02 
Zs 1.024 45 -318.37 -35.36 58.44 Z2S -1.152 0 1150.62 1.15 
Z9 0.896 45 -279.75 -29.76 51.13 Z2S -1.152 -45 475.20 36.74 
Z9 0.896 90 246.75 -58.62 -4.18 Z26 -1.280 -45 528.00 40.83 
ZlO 0.769 90 211.50 -50.25 -3.58 Z26 -1.280 90 -352.50 83.75 
ZlO 0.769 -45 -316.80 -24.50 -43.83 Z27 -1.408 90 -387.75 92.12 
Zll 0.640 -45 -264.00 -20.41 -36.52 Z27 -1.408 45 437.76 48.62 
Zll 0.640 0 -639.23 -0.64 2.99 Z28 -1.536 45 477.56 53.04 
Zl2 0.512 0 -511.39 -0.51 2.39 Z28 -1.536 0 1534.16 1.54 
Zl2 0.512 45 -159.19 -17.68 29.22 Z29 -1.664 0 1662.00 1.66 
Z13 0.384 45 -119.39 -13.26 21.91 Z29 -1.664 -45 686.40 53.08 
Z13 0.384 90 105.75 -25.12 -1.79 Z30 -1.792 -45 739.20 57.16 
Zl4 0.256 90 70.50 -16.75 -1.19 Z30 -1.792 90 -493.50 117.25 
Z14 0.256 -45 -105.60 -8.17 -14.61 Z31 -1.920 90 -528.75 125.62 
ZlS 0.128 -45 -52.80 -4.08 -7.30 Z31 -1.920 45 596.94 66.30 
ZlS 0.128 0 -127.85 -0.13 0.60 Z32 -2.048 45 636.74 70.72 
Z16 0.000 0 0.00 0.00 0.00 
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1:"12 
(MPa) 
-0.60 
7.30 
14.61 
1.19 
1.79 
-21.91 
-29.22 
-2.39 
-2.99 
36.52 
43.83 
3.58 
4.18 
-51.13 
-58.44 
-4.78 
-5.38 
65.74 
73.04 
5.97 
6.57 
-80.35 
-87.65 
-7.17 
-7.77 
94.96 
102.26 
8.36 
8.96 
-109.57 
-116.87 
Chapter 6 Characterisation of Smart Beams Using Non-Damaging Quasi-Static 
Load 
Smart beams with surface bonded EFPI-SS were first tested in three-point bending as well 
as in cantilever using non-damaging quasi-static loads. The purpose of these tests was to 
verify the strain measurements of the EFPI-SSs before proceeding to embedding them. The 
testing was perfonned using a quasi-static loading rig instead of the Mand universal testing 
machine so that the loads could be applied incrementally in series, each in a repeatable and 
controllable manner without the risk of damaging the smart beams. The load cell from 
Tedea HuntIeigh has a maximum load capacity of lkN. In this chapter, the design and 
construction of the quasi-static loading rig was being first described. This was followed by 
the details of experimental set-up. Next, an interpretation of the sensor response was 
provided, which was subsequently followed by the modified beam theory used to 
detennine bending stresses and strains of the smart beams. Finally, the validation of both 
surface and embedded EFPI-SSs results was discussed. 
6.1 Design and Construction of Breadboard-Top Quasi-Static Loading Rig 
A purpose-made, manually controlled, quasi-static loading rig, shown in Fig. 6.1.1 
consisted of a 'U' frame and threaded loading rods. The loading frame made from steel 
was sufficiently strong in tenns of stiffness and strength, and was bolted onto a breadboard 
along side with all of the optical components. One end of the load cell shown in Fig. 6.1.2 
was threaded to a driving steel rod via adapter. Its other end was threaded onto a 'T' - frame 
loader. The 'T' - frame loader had a diameter of 12.5 mm and was driven down by turning 
the knob shown in Fig. 6.1.1 in the clockwise direction. In order to ensure the load applied 
was perpendicular with respect to the smart beams, a slot at each side of the loading rig 
was made, as shown in Fig. 6.1.1. 
6.2 Experimental Set-up of EFPI-SS Optical Sensing System 
The entire EFPI-SS system, as shown in Fig. 6.2.1, operated on the basis of measuring 
phase changes in the reflected light spectrums. The sensing system consisted of basic 
optical, electrical and data processing components, as listed in Table 6.1. 
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'", ,!li1l.c;~:;;;rr:;cr<OlI--- Circular knob 
+----- Threaded rod 
Adapter ---"'---lIli 
Load cell 
,+---Quasi -static 
loading frame 
'T' frame 
loader 
Fig. 6.1.1 A quasi-static loading 'U' frame with a load cell threaded to a driving 
steel rod via adapter 
T -frame --tIt!w.::.;,.....-
loader 
Fig. 6.1.2 A load cell with a maximum capacity of lkN used to load the smart beams 
in three-point bending 
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Fig. 6.2.1 The set-up of the EFPI-SS optical sensing system 
Light from a Hamamatsu L8414-04 SLD with a peak emission wavelength of 830 nm was 
launched into one lead of a SM 2x2 coupler to illuminate the embedded EFPI-SS. When an 
incoming light entered the lead in/out fibre of the EFPI-SS, part of it was reflected back at 
the lead in/out fibre-air interface while the remaining incoming light continued to travel 
through the air cavity until it reached the air-reflecting fibre interface. There, the light was 
reflected back again and re-entered the lead in/out fibre. The reflected beams from both 
interfaces were known as reference and sensing reflections respectively. In the lead/in out 
fibre, the reference and sensing reflections were recombined to produce a sinusoidal 
variation of intensity signals. Such intensity variation was a linear function of the change 
in air cavity length. In order to ensure that the obtained signals from the sensor were not 
distorted by any external influences, one end of the SM 2x2 coupler was immersed in an 
index matching gel. The EFPI-SS signal variations were then transferred via the SM 2x2 
coupler to a spectrometer (Ocean Optics USB2000 miniature fibre optic CCD) for 
processing. The spectrometer was operated in the range between 700 nm and 960 nm using 
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the OOIBase32 software at the acquisition speed of one data point per every 180 ms in all 
the tests. A detailed operating procedure of the OOlBase 32 software is given Appendix 
6.1. 
The spectrometer with its built-in components, which include spherical lens, a series of 
diffraction gratings and CCD arrays converted the received optical signals from the EFPI-
SS into a light spectrum, as illustrated in Fig 6.2.2. When the optical signals entered the 
spectrometer, they were separated into the corresponding spectral components due to the 
expansion of the spherical lens. There, the spectral components were diffracted and then 
focused onto the corresponding pixels of the CCD arrays by a series of plane gratings. 
Consequently, a light spectrum was formed. 
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i f ,~ A2 
L.-.::::::::C:::~~~ -. § A\ ! Diffraction"" ..... ,E 
I , 
Igratmgs '-CCD L-L.U..L/.L.I..U.LJ..L.I.L.L-J I Array Wavelength 
~ .. " ..................... , ................................. , .......................... " ......... , ................. , ....................................... ; 
Fig. 6.2.2 An illustration of the built-in components in a spectrometer 
To ensure the fidelity of the optical signals away from any interference of the optical 
system such as optical loss or fluctuations in the light source emission, the displayed light 
spectral was normalised with respect to a smoothed spectrum of the SLD light source. The 
normalised spectrum consisted of a number of peak wavelengths, which were separated 
from one another by a phase difference of 2n. Fig. 6.2.3 shows a normalised displayed 
spectrum. By determining two maximum wavelengths ,11 and ,12 across a number of fringes 
m an absolute measurement of the air cavity length d could be obtained via 
(6.2.1) 
When the bending strain was induced in the beam, the air cavity length was altered 
accordingly via phase shift in the normalised spectrum, as shown in Fig. 6.2.4. By 
determining the two new maximum wavelengths, the current absolute measurement of the 
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air cavity length dt could be calculated using Eq. (6.2.1). With both d and d1 determined, 
and the known gauge length L of the sensor, the strain could be determined by 
d -d &=_1_ (6.2.2) 
L 
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Fig. 6.2.3 Spectrum of an EFPI-SS signal Ca) before, and Cb) after normalised with 
respect to a smoothed spectrum of the SLD light source 
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Fig. 6.2.4 The phase shift in the wavelength spectrum of an EFPI-SS after the 
application of bending strain 
One important feature in any optical sensing system was that the optical signals may be 
altered when the optic components were accidentally moved from their positions or due to 
the effects of external factors such as vibrations. Therefore, all components were fixed 
firmly in placed onto an anti-vibrational table known as a breadboard. The method of 
securing these components as well as achieving a good connection between them will be 
provided here. For the convenience of discussion, the EFPI-SS optical sensing system 
illustrated in Fig. 6.2.5 has been divided into three parts; left, middle, and right. 
6.2.1 Light source set-up and connections 
A detailed connection of the left section in Fig. 6.2.5 was enlarged and shown in Fig. 6.2.6. 
Components involved consisted of a power supply unit, a resistor, a SLD light source with 
a pigtailed fibre, a bare fibre adapter (BFA), a uniter and a fibre coupler. 
Light source set-up 
An energised SLD light source produced light with a wide band spectrum. It had a peak 
emission wavelength of 830nm with an operating forward voltage of 2-V. At the 
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connecting end of the Sill, there were 3 connector pins, as illustrated in Fig. 6.2.7. These 
connector pins were soldered onto different electrical components to allow the SLD light 
source to function. The Sill light source needed a power supply unit to emit light. This 
was achieved by soldering the pin-2 of the SLD, to the 5-V power supply unit. As the 
voltage generated by the power supply unit exceeded the operating voltage of the SLD, a 
3-Q resistor was soldered in between the power supply unit and the pin-l of the SLD to 
stabilise the circuitry. The remaining pin-3 of the Sill was grounded. 
Left Part Right Part 
~--------------~--------------, ~---------~---------~ 
""----'5V 30Q 
Power 
supply 
unit 
3V 
Bare fibre Middle Part 
adapter r_--~A .... --~, 
Bare fibre 
adapter-------. 
Composite 
igtailedn. "'sI-C_ ll" U C Coupler~ E5 ~ 
2V t. I t. IEFPI 
Sill Umter 0 Umter 
SC connector with index 
matching gel applied on its face 
fUniter 
SC 
SC SMA connector 
Spectrometer 
P 
Fig. 6.2.5 A detailed illustration of the components and connections for a EFPI-SS optical 
sensing system 
30Q Bare fibre 
3V adapter Power 
Pi taile~ SC ~couPle~ supply ~ <0 -: ,;",;; unit 2V .. 
Uniter 
Sill 
Fig. 6.2.6 Details of the light source set-up and connection 
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Fig. 6.2.7 Details of the SLD light source 
Light source connection to bare fibre adapter (BFA) 
The SLD light source could maintain its light alignment during transmission if a short SM 
optical fibre was attached to its emitting surface. As mentioned in Chapter 2, this SM type 
optical fibre was known as the pigtailed fibre. In order for the pigtailed fibre to transmit 
light successfully into an optical device such as a fibre coupler, the fibre was inserted into 
a BFA. A BFA had a SC connector attached to one its end, as shown in Fig. 6.2.8. 
Fig. 6.2.8 An example of a bare fibre adapter (BFA) and a Uniter 
Prior to insertion, the pigtailed fibre was stripped, cleaved, cleaned and inspected, 
following the procedures described in Section 3.2.2 but with a few amendments and 
additional steps. The pigtailed fibre had metal ferrule at its unattached end that needed 
removal by using a pair of scissors before a cable length of about 80 mm was stripped off. 
The action of stripping the fibre cable resulted in exposing both the strength members and 
the coating of the pigtailed fibre, as illustrated in Fig. 6.2.9. These strength members were 
removed with a pair of scissors and a coating length of about 25 mm was stripped off in 
which about 10 mm of the stripped length was later cleaved off. The final prepared end of 
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the pigtailed fibre was inspected under a microscope with extra care taken to minimise 
unnecessary fibre bending before inserting into the BFA. 
Fibre optic 
cable 
Strength members ./L.,.--"'Cleaved off 
~ Hm length 
Coatin 
Bare fibre' 
I+- 25mm --I 
I- 55mm -I 
Fig. 6.2.9 Details of the pigtailed SLD fibre 
The insertion of the cleaved fibre into a BFA was achieved by first pressing the pressure 
foot down of the BFA, as illustrated in Fig. 6.2.10(a). This was followed by inserting the 
fibre into an entry hole of the BFA until it appeared in-line (flush) with the BFA connector 
face, as shown in Fig. 6.2.10(b). Finally, the pressure foot was slowly released, thereby 
securing the fibre between the BFA foam pads. 
Pressure foot 
Fibre 
entry .......... 
hole Al'll---='----
Fig.6.2.1O lliustration of (a) the optical fibre being inserted into the BFA and (b) the 
optical fibre securely inside the BFA 
BFA connection to fibre coupler 
The SM 2x2 coupler had a SC connector attached to each of its four leads, as shown in Fig. 
6.2.11. In order for the EFPI sensor to receive the light emitted from the SLD, the SC 
connector from one of the fibre coupler leads was connected to a BFA from the pigtailed 
fibre. Such connection was achieved by using a uniter, as shown in Figs. 6.2.8 and 6.2.12, 
which was placed in between both optic components. The rubber insert at each end of the 
uniter was removed and the SC connector face of the BFA was inspected to ensure the 
cleaved fibre was not protruding. Then, the SC connector of the BFA was inserted into one 
end of the uniter, as shown in Fig. 6.2.12. Finally, the SC connector of the coupler was 
inserted into the other end of the uniter. 
Fig. 6.2.11 A 2x2-fibre coupler fixed to a breadboard table 
Bare fibre adapter 
L--.l..--.JP ~----l 
Uniter SC connector from fibre 
coupler 
9 I~ 
-
Fig.6.2.12 The interconnection between BFA and the SC connector from the 
fibre coupler using a Uniter 
6.2.2 EFPI-SS set-up and connections 
To show detailed connections, the right part in Fig. 6.2.5 was enlarged and shown in Fig. 
6.2.13. Components involved are an EFPI sensor, a BFA, a uniter and a fibre coupler. 
Coupler 
Bare fibre 
adapter 
Uniter 60-75 
mm 
Composite 
PTFEtubing 
Fig.6.2.13 Details of the interconnection of the sensor to the bare fibre adapter (BFA) and 
the fibre coupler via a Uniter 
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Sensor connection to BFA 
In order for the EFPI-SS to receive and reflect the light, the lead inlout fibre of the sensor 
emerging from the smart composite needed another BFA, identical to as described in 
Section 6.2.1. Thus, a similar procedure was applied here for connecting the fibre lead to 
the BFA except that the required coating length of 40 mm was stripped and the length of 
between 10-20 mm was cleaved off, as illustrated in Fig. 6.2.14. 
/7J( Cleaved off length 
10-20 60-75 
mm 65 mm inserted into BFA mm 
... L.L.~ L.i ... L.L.L.~ 
Laminate 
14 ~I 
40 mm bare fibre I~ )'rom _, PTFE tubing ~--------
Bare fibre 
Fig. 6.2.14 Details of the lead inlout optical fibre 
BF A connection to fibre coupler 
A similar connection procedure to link the EFPI-SS to a fibre coupler via a BFA was 
adopted as described in Section 6.2.1. 
6.2.3 Spectrometer set-up and connections 
--c Coupler~J-_ 
SC 
t SC connector with index matching 
gel applied on its end face 
SMA connector 
p 
Fig. 6.2.15 Details of the remaining set-up of fibre optical sensing system 
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A detailed connection of the middle part of Fig. 6.2.5 was enlarged and shown in Fig. 
6.2.15. The components involved were index matching gel, a spectrometer, and a computer 
with the addition of the fibre coupler. 
Immersing fibre coupler into an index matching gel 
When the reflected light from the EFPI sensor re-entered the fibre coupler, it might be 
affected by external interference that could make signal interpretation difficult. Such 
undesirable interference was minimised by dipping one of the four fibre coupler's se 
connector into an index matching gel, as illustrated in Fig. 6.2.15. The index matching gel 
purchased from Linos Photonies was packed in a syringe and was easily dispensed onto the 
end face of the se connector by pushing down the plunger. 
Spectrometer connection to fibre coupler and PC 
) \ se connector from o fibre coupler 
=@=uniter 
se connector from 
fibre patch cord cable Patchcord cable 
SMA connector into 
spectrometer 
Spectrometer 
Fig. 6.2.16 The interconnection between the se connector from the fibre coupler and 
the se connector from the fibre patch cord cable via a Uniter, while the 
SMA connector is inserted into the spectrometer 
The spectrometer purchased from Ocean Optics Inc. had the SMA 905 female connector to 
allow optical signals to be transferred from the fibre optic sensor via fibre coupler for 
processing. In order for the spectrometer to receive these optical signals efficiently, a SM 
patch cord cable was needed. The SM patch cord cable has one SMA male connector at 
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one end and a SC connector at the other end. The SMA male connector from the cable was 
threaded into the spectrometer SMA 905 female connector while the SC connector from 
the other end of the cable was inserted into one end of a uniter, as shown in Fig. 6.2.16. 
The other end of the uniter was next connected to the fibre coupler via the SC connector. 
All information gathered and processed by a spectrometer was then transferred to a PC for 
analyses through a connection USB cable. 
6.2.4 Securing optical sensing components 
As mentioned previously, the optic components needed to be securely fixed onto the 
breadboard table to prevent accidental movements or vibrations that may affect with 
optical signals. The following were the illustrations showing the methods of securing the 
optic components that were discussed in the previous sections. Caution was practised to 
ensure that screws were not tightened excessively as this may cause damage to the 
components and the breadboard as well. 
Securing bare fibre adapter (BF A) 
BFA was securely fixed onto the breadboard by placing a bracket on the connector section 
of the adapter, as illustrated in Fig. 6.2.1 7. Both the bracket and the connector needed a 
metal shim plate each placed directly underneath to provide a levelled base. 
Screw. 
-"'+-'~ 
BFA 
racket 
Push 
level 
Top View 
Screw 
BF 
Metal plate B db d rea oar 
Side View 
racket 
Fig. 6.2.17 Detailed illustration showing the fixture of a bare fibre adapter onto a breadboard 
Securing fibre coupler 
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To secure the fibre coupler, two brackets were required on its both sides, each near one 
end, as illustrated in Fig. 6.2.18. The brackets were levelled for finn support by placing a 
metal shim plate underneath them. The brackets were not placed on the fibre coupler leads 
as this may damage them. 
Screw.,,_..., Screw racket 
Fibre coupler 
Metal plate 
Fibre leads Fibre leads ---'-"""',,!,--'-
Screw'----l Fibre leads Breadboard 
Top View Side View 
Fig. 6.2.18 Detailed illustration of the fibre coupler fixture on the breadboard 
Fixing Uniter 
The uniter required a bracket on each of its side, as shown in Fig. 6.2.19. The brackets 
were placed in such a way that it did not obstruct the removal of the rubber inserts. The 
rubber inserts were removed before any connections were made. The brackets were 
levelled for finn support by placing a metal shim plate underneath them. 
Rubber 
insert 
Screw. 
Scre 
racket 
~==::t.l Rubber 
insert 
Uniter 
Top View 
racket 
Metal plate 
Breadboard 
Side View 
Fig. 6.2.19 Detailed illustration of fixing the Uniter on the breadboard 
Fixing light source 
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The Sill light source was held onto the breadboard table by placing a bracket over each 
side of the light source holder. Each bracket was levelled to provide a firm support by 
placing metal shims underneath them. An additional bracket was also placed over the 
electric cable of the light source with the aid of a stopper so that bending of the cable was 
prevented, as shown in Fig. 6.2.20. 
Screw 
Bracket 
Fig. 6.2.20 Detailed illustration showing the method of securing the electric cable of 
the Sill 
6.2.5 Specimen preparation 
Two different types of smart specimens were prepared; one with surface-bonded EFPI -SSs 
and the other with embedded EFPI-SS. Both beams had a lay-up (+45°/90°/_45% °)4, and 
were manufactured as described in Chapter 4. Details of these tests are summarised in 
Table 6.2. 
Smart beams with surface-bonded EFPI-SSs 
Smart beams with surface-bonded EFPI-SSs were examined in three-point bend and 
cantilever loading. In three-point bending, the EFPI-SS was surface-bonded onto the mid-
span of the beam in the tensile region. A conventional SG was also surface- bonded next to 
the EFPI-SSs on each beam as an independent means of verifying the sensors 
measurements, as shown in Fig. 6.2.21(a). In cantilever loading, the EFPI-SS was surface-
bonded 18 mm away from the clamped end of the tensile surface. Similarly, a SG was 
attached at equidistance from the beam end but on the compressive side, as shown in Fig. 
6.2.21(b). A linear variable displacement transducer (L VDT) was also used to measure 
deflections at the sensor location. Owing to the height limitation of the vice for support 
spans, the L VDT was only used for cantilever tests. The L VDT has a measurement range 
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of 5 mm and was operated from a 10 Vac power supply, which had a resistive load of 20 
kQ. 
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Fig. 6.2.21 Smart beams with surface mounted EFPI-SS and SO for (a) three-point 
bending, and (b) cantilever loading tests 
Recognising the importance of the strain transfer efficiency between the host laminate and 
the surface-bonded EFPI-SS, efforts were made to ensure a good bond between them was 
achieved. Ardalite epoxy adhesive, which was used in the fabrication of EFPI-SSs, was 
147 
,~ 
also used to bond the sensors to the host laminate. Firstly, the surface of the bonded area 
was gently smoothed with a 220-grit wet and dry paper and was cleaned with acetone. 
Secondly, a piece of sellotape was placed on the lead in/out fibre of the EFPI-SS at a 
distance of about 25 mm away from the glass tube to facilitate its handling and positioning, 
as illustrated in Fig. 6.2.22(a). Thirdly, the EFPI-SS was placed onto the laminate as such 
that the position of its air gap coincided with the desired sensing location and direction. 
This was carried out under a microscope. Fourthly, once the positioned was confirmed, the 
sensor and its respective lead in/out fibre were aligned along the desired measurement 
direction before the seIIotape was pressed down onto the specimen. Another piece of 
sellotape was also placed at approximately 1 mm away from the other end of the glass tube 
to further secure the sensor position. 
Fifthly, a dab of 5-minute epoxy glue was applied about 3mm away from the glass tube, as 
shown in Fig. 6.2.22(b). This was to ensure that the EFPI-SS maintained its alignment and 
position in the later stage when adhesive was being applied along the sensor. Sixthly, after 
the glue was cured, the sellotape tape that was placed 1 mm away from the glass tube was 
removed carefully. Seventh, adhesive was applied along the entire sensor in a direction 
paralleled to the sensor orientation, as shown in Fig. 6.2.22(c). To minimise entraining of 
air bubbles in adhesive, overly thick adhesive layer was avoided. Eighthly, a piece of 
seUotape was placed across the gauge length of the sensor gently without applying 
excessive pressure to ensure a good bonding, as illustrated in Fig. 6.2.22(d). Finally, once 
adhesive cured, sellotapes on the gauge length and lead in/out fibres were removed, and 
CN glue was applied over the remaining section of the optical fibre, as illustrated in Fig. 
6.2.22(e). SeIlotape was then placed and remained over this region until the glue cured. 
Smart beams with embedded EFPI-SSs 
Smart beams with embedded EFPI-SSs were examined only in three-point bending. The 
EFPI-SSs were embedded at the mid-span and at the 24-25 ply interface, in the tensile 
region of the smart beam. Method of embedding was described in Chapter 4. A 
conventional SG was bonded at the mid-span on the tensile surface of the beam to verify 
the responses of the embedded EFPI-SS. 
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Fig. 6.2.22 Schematic of the technique used to surface bond an EFPI-SS 
onto a host composite beam 
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6.3 Mechanical Testing 
6.3.1 Mechanical testing 
Cantilever and three-point bending tests were carried out using the set-up shown in Fig. 
6.2.1. Beams in both set-ups had a support span of 87 mm, which provided a nominal 
length-to-depth ratio of 22 for flexure tests. The beams in three-point bending tests were 
simply supported through a vice with variable control for support spans, as seen in Fig. 
5.2.6. For cantilever tests, a clamping fixture as shown in Fig. 6.3.1 was used. 
~ 
(a) (b) 
Fig. 6.3.1 A micrograph showing the (a) side view and (b) front view of the clamping 
fixture used in cantilever tests 
The smart beams were loaded incrementally in series, each in a repeatable and controllable 
manner by lowering the 'T' -frame loader using the manually controlled quasi-static 
loading rig. Data acquired from strain gauge, L VDT and load cell were then recorded in a 
PC through an Orion Delta 3530 data logger at a sampling rate of 1 Hz. The programming 
instructions for both parameters were given in Appendix 5.2. For EFPI-SSs, their data were 
provided through the spectrometer and software, as described earlier. Data from these three 
sources were collated at a common processor for the purpose of data comparison and 
analysis. As the load measurements from the load cell were in volts, a conversion factor 
was required to obtain them in Newton (N) and this was given by [305] 
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Load (N) = 0.433 x volt measurements from load cell 
At the same time, the corresponding strain measurements of the beam loaded in cantilever, 
eLVDT, using the L VDT deflection, w, data could be calculated by 
e '" 3dw{L-x) 
LVDT e{3L- x) 
where w was defined as 
w (mm) = average voltage measurement from L VDT 
0.5532 
6.4 Interpretation of EFPI-SS response 
(6.3.\) 
An integral part of evaluating the performance of EPFI-SSs was to characterise the output 
light spectrum as a function of applied strain. As previously explained, the application of 
strain caused a phase shift in the light spectrum due to the change in the air gap length. In 
an attempt to elucidate these light spectrums, optically determined air cavity lengths for the 
EFPI-SSs were compared with those measured using the graticule cross-hair micrometer 
eyepiece in the microscope. In this way, spectrum profiles for each specific air cavity 
length were identified. 
6.4.1 Method of characterisation 
A sensor having a tuneable cavity length was used in this study. Here, only the lead inlout 
fibre of the sensor was fixed to the glass tube while the un-bonded reflecting fibre was 
attached to wooden block so that the its lateral movement could be controlled. In this way, 
the air gap length formed between the two fibres could be varied from a butted condition to 
a separation of 300 f.lm, at an increment of 20 f.lm each time, as shown in Fig. 6.4.1. This 
was performed under a microscope, which was set to a magnification of fifty-times so that 
each minor tick on the micrometer scale corresponded to 20 f.lm. This test was repeated 
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once and the data acquired were recorded according to the similar conditions as defined in 
Section 6.2. 
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Fig. 6.4.1 The air gap formed when the reflecting fibre moves away from the end face 
of the lead in/out fibre at an initial distance of (a) 20).lm, (b) 40).lm, and 
finally (c) 300).lm. 
6.4.2 Results of characterisation 
An important feature observed from the light spectrums shown in Fig. 6.4.2 was that the 
number of wavelength peaks formed for a fixed wavelength range increased as the air gap 
length of EFPI-SSs became larger. This feature was also clearly observed in the normalised 
spectrum shown in Fig. 6.4.3. Although the distance between adjacent wavelength peaks 
became closer, they were not uniformly spaced. Instead, the wavelength spacing between 
adjacent peaks increased gradually towards the higher end of wavelength values. 
Consequently, the definition of the peak wavelengths became unclear, in particular at 
wavelengths above 860 nm. Similarly, the contrast of the peak wavelengths was unclear at 
wavelengths below 770 nm. However, this was due to the limitation of the emission 
wavelength range of the SLD light source. For this reason, the two maximum peak 
wavelengths of interest in Eq. (6.2.1) were determined by attaining the two extreme peak 
wavelength values at a fixed wavelength range of 780-860nm. 
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Fig. 6.4.3 The normalised sensor outputs of Fig. 6.3.2. The normalisation was carned 
out with respect to the smoothed spectrum of the light source 
Comparing the air gap length measurements determined opticaJly with those measured 
using a cross-hair micrometer, an acceptable correlation was observed between both 
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measuring techniques up to an air gap length of 220 J.lm, as shown in Fig. 6.4.4 and 
summarised in Table 6.3. For the air gap lengths of more than 220 ).lm, differences as high 
as 11.4% between both measurements were observed. Any small amount of inaccuracy in 
positioning and aligning the reflecting fibre with respect to the lead in/out fibre could cause 
magnified signal loss with the large air gap length. This provided the reasoning as for why 
the current air gap lengths of EFPI-SSs maintained below 200 ).lm during sensing. 
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Fig. 6.4.4 Comparing the cavity length measured optically with those measured with a 
graticule in the microscope 
6.5 Modified Elementary Beam Theory 
Elementary beam theory was used to check experimental measurements from EFPI-SSs, 
SGs and LVDT under cantilever and flexural in three-point bending. In this theory, the 
normal transverse stresses with respect to the longitudinal axis of the beam were assumed 
negligible. However as the beams used in these tests were wide, the significance of the 
transverse stresses increased as they were needed to prevent the top and bottom surfaces of 
the beam from deforming into saddle-shaped, which also known as 'anticlastic' surfaces, 
due to Poisson effect, as illustrated in Fig. 6.5.1. In such cases, the corresponding bending 
stress and strain of a beam must be modified with (l-v2). Thus, the corresponding bending 
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stress, O'can" and strain, "cant, for cantilever loading which occurred on the surfaces of an 
intact beam at sensor location can be expressed by 
(6.5.1) 
(6.5.2) 
P, L, Ex and d were defined earlier in Chapter 5 while x is the distance of the sensor from 
the clamped end and Dj, is the flexural rigidity of the beam must be defined by [306] 
2b (6.5.3) 
d' rd' 2d' 11 + 16 + r 12 
in which d'!l, d'12 and d'16 are respective elements of the inverted [D'] matrix, and r is the 
width (b )-to-thickness ratio of the beams. The flexural modulus Ex was estimated earlier in 
Chapter 5 to be 47.6 GPa. In cases where a single delamination was present in a laminate 
beam, the delaminated region was divided into two unequal sub-laminates. As they are not 
symmetric with respect to their own respective mid-planes, the [D'] matrix must be 
calculated with respect to the centroidal axis of the cross section. With reference to Fig. 
6.4.2, the [D'] matrix was expressed by 
(6.5.4) 
in which the subscript Band T defines the bottom and top sub-laminates respectively and h 
is the laminate thickness. Similarly, the maximum bending stress, am.", and strain, tIna", 
occurred on the surfaces of an intact beam for flexural three-point bending and were 
determined by 
(6.5.5) 
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Fig. 6.5.1 Schematic of a wide beam 
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Fig. 6.5.2 Schematic of a delaminated beam geometry 
6.6 Validation of Surface-Bonded EFPI-SS 
6.6.1 Cantilever loading 
The simple cantilever beam tests offered two primary advantages for loading and strain 
measurements. The first advantage was that the location of applied load was away from 
where the strain measurement was recorded. In this way, the potential effects of local stress 
concentration and through-the-thickness normal stress on strain did not have to be 
considered. The second advantage was that the strain level of measurement location could 
be easily controlled so that integrity or accidental damage of the EFPI-SS could not affect 
the strain results. Besides, the cantilever beam set-up was also used primarily for 
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evaluating the performance of EFPI-SS since it offered larger bending deformation/strain 
than three-point bending for the same beam length. 
Fig. 6.6.1 showed that the bending strain response of up to about O.S% from surface-
bonded EFPI-SS, a strain gauge and L VDT with analytical prediction. Details of the test 
results are given in Table 6.4. The maximum bending strain at the clamping end reached 
1.1 %. The correlation of EFPI-SS measurements with strain gauge and LVDT readings up 
to 0.7% seemed excellent. A slight deviation in the sensor measurements beyond 0.7% 
may have been due to the fact that the axial axis of the sensor was about 150 j..lm away 
from the beam surface. However, the maximum deviation of 15.5% between the 
measurement devices with predictive strain values was observed. The underestimation of 
predicted strains may have been caused by the ply thickness value used to calculate the 
flexural modulus. Obviously, during the curing process, the thickness of the ply would 
reduce due to resin bleed. However, this was not taken into consideration during the 
computation and therefore, providing stiffer modulus or lower strain values. 
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6.6.2 Flexure in three-point bending 
In three-point bending, the bending strain responses of up to 0.5% from surface-bonded 
EFPI-SS were consistent with those measurements from strain gauge, as shown in Fig. 
6.6.2 and Table 6.5. However, both sensor and strain gauge showed the difference of 11 % 
when compared with strain values from analytical prediction at the same strain level. As 
again, these differences were perhaps to be mainly due to ply thickness difference. In 
addition, through-the-thickness bending stresses may have slightly affected the strain 
responses from both EFPI -SS and strain gauge since they were mounted at mid-span where 
the bending stresses were maximum. 
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Fig. 6.6.2 Comparing the strain response from the surface mounted EFPI sensor 
with strain gauge and elementary beam theory under three-point bend 
These experimental results demonstrated that the surface-bonded EFPI-SSs had sufficient 
capability of providing direct strain measurements. These sensors measured strains closed 
to 0.8% while successfully maintaining their functionality. The EFPI-SSs which were 
designed and constructed in the same way were then to be embedded in the host with 
confidence. 
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6.7 Validation of Embedded EFPI-SS 
Although the surface-bonded EFPI-SSs had performed well in measuring strains, similar 
sensors needed to survive the manufacturing of smart beams when embedded in the host 
beam for the reasons discussed in Chapters 3 and 4. Although results from mechanical 
properties testing in Chapter 5 showed that the sensor performance would not be affected, 
additional validation of the embedded EFPI-SSs performance were required and this was 
achieved by loading these smart beams in three-point bending. The strain responses from 
the embedded EFPI-SSs were compared with those interpolated strain values from a SO. 
The interpolation was carried out with the assumption that the bending strains varied 
linearly through-the-thickness of the beam. As the distance of the embedment location of 
the EPFI-SS from the tensile beam surface was equal to a quarter of the beam thickness, 
the interpolated bending strain values were simply obtained by dividing the measured 
strain gauge values by two. CLT that was discussed in Chapter 5 was applied to calculate 
the corresponding bending stress at the EFPI-SS interface. 
To carry out this study, two smart beams each with an embedded EFPI-SS at the mid-span 
were tested. Their performances were evaluated separately and a comparison with the 
intact beam was made to determine if the presence of the sensors had any effect on the 
internal strain measurements. 
6.7.1 Smart beams 
As a detailed study similarly shown in Chapter 5, the presence of the embedded EFPI-SS 
did not seem to create any disruption to the interior strain measurement of the host as 
shown in Figs. 6.7.1-6.7.2. Summary of the results are given in Tables 6.6-6.7. The interior 
bending strain responses of up to about 0.25% from the embedded EFPI-SSs was in very 
good agreement with the interpolated strain values measured by the strain gauges for both 
smart beam specimens. These results seemed to confirm that not only the embedded EFPI-
SS survived the manufacturing process well but its strain measurements also demonstrated 
a good mechanical bonding between the sensor itself and the host. Hence, the method used 
to fabricate the sensors proved reliable. 
160 
400 -+- Smart 1 - -B - Interpolate strain gauge 
~ 350 
'" 
300 
'  
" tl
'" 250 gp 
:.a 200 !3 ,,-
~ 
150 " "0 
" 
-
" - 100 0 
~ 50 
-::: 
..... 
o 500 1000 1500 2000 2500 3000 
Bending strain, J,tE 
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6.7.2 Comparison between intact and smart beams 
The fact that the presence of embedded EFPI-SS did not seemed to create any disruption to 
the host beam was further confirmed by comparing the strain gauge responses of the intact 
and smart beams. As shown and summarised in Fig. 6.7.3 and Table 6.8 respectively, the 
maximum tensile strains measured from both beams were in very good agreement with 
linear responses up to 0.5%. 
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Fig. 6.7.3 Comparison between intact and smart beams strain gauge measurements 
Embedded EFPI-SSs performed well in measuring interior strains and their sensing 
functions were not affected in any manner for the strains of up to 0.5%. These findings also 
confirmed that their presence did not create additional stress concentration within the host, 
as sa measurements from both intact and smart beams were comparable. Hence, these 
results provided reassurance that the EFPI-SSs were capable of dealing with strains of over 
1 % on the beam surfaces, which may be required to fail the beam in flexure. 
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Table 6.1 Basic components and their respective functions that were used to form a EFPI 
fibre optic sensing system 
System Components Main Function Comment 
Power supply unit To supply electric power to SLD Generate a voltage of 5-V 
light source 
Resistor To stabilise the electrical circuit 30-&2 resistor 
when power is supplied to the SLD 
light source 
Sill light source To emit light Average peak emiSSIOn 
wavelength = 830nm, with a 
working voltage of 2-V 
Uniter To act as a connecting device -
between two connectors 
Bare fibre adapter To connect a bare optical fibre to a This adapter has a SC 
uniter connector attached to its end 
Fibre coupler To distribute an optical signal from a A 2x2 coupler with a SC 
single fibre into several fibres or connector attached at each 
combining the optical signals from leads 
several fibres into one fibre 
Spectrometer To monitor optical signals as a Information transferred to PC 
function of wavelength which will be via a USB connection cable 
then later transferred to a PC 
Personal computer To collated all data from 001Base32 spectrometer 
(PC) spectrometer for analysis software used for processing 
optical sigllals 
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Table 6.2 Summary of locations and physical properties of surlace mounted EFPI-SS and 
strain gauge for cantilever and flexural three-point bend tests 
Specimen Type of EFPI-SS EFPI- EFPI-SS Width Depth Strain gauge 
identity test location SS initial air (b), mm (d), mm location 
gauge gap 
length, length, 
mm JJ,m 
SCANT Cantilever 18mm 13.3 27.0 14.9 3.81 18 mm away 
away from clamped 
from end on 
clamped compressive 
end on surlace 
tensile 
surlace 
SFLEX Three- Mid-span 11.0 24.4 15.6 3.77 Mid-span on 
point on tensile tensile surlace 
bending surlace 
BJ Three- Mid-span 9.4 24.4 15.3 3.84 Mid-span on 
point on tensile tensile surlace 
bending surlace at 
24-25 ply 
interlace 
B2 Three- Mid-span 9.8 24.4 16.4 3.80 Mid-span on 
point on tensile tensile surlace 
bending surlace at 
24-25 ply 
interlace 
Table 6.3 Summary of the air gap measurements attained optically and estimated 
microscopicall y 
!Estimated 0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 
!microscope 
p:neasurement 
(J.lm) 
trest 1 (JJ,m) 0 18 45 60 76 101 121 131 147 169 192 199 249 253 289 290 
rI'est 2 (JJ,m) 0 13 39 54 66 101 106 118 143 162 185 218 286 315 289 295 
~verage 0 15 42 57 71 101 114 125 145 166 189 208 267 284 289 292 
Stdev 0 3.8 3.9 4.5 7.3 0.2 10.8 9.5 2.4 5.2 4.9 13.6 26.6 43.9 0.0 3.1 
(Stdevl Ave)% 0 25.0 9.4 7.9 10.3 0.2 9.5 7.6 1.6 3.2 2.6 6.5 9.9 15.4 0.0 1.1 
lDifference 0 4.7 -1.9 2.8 9.3 -1.1 6.3 15.4 15.2 14.5 11.1 11.7 -27.4 -24.0 -8.9 7.6 
lDifference (%) 0 23.4 -4.7 4.7 11.7 -1.1 5.2 11.0 9.5 8.0 5.6 5.3 -11.4 -9.2 -3.2 2.5 
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Table 6.4 Summary of bending stress and strain measurements from surface mounted 
EFPI-SS, a strain gauge, LVDT and analytical prediction loaded in cantilever 
Load, N o.e 20.1 42.1 64. 86.3 108 129 154 174 
Sensor, /Je o.e 112C 2089 304~ 4060 5057 5783 7121 8380 
Strain gauge, !.le 0.0 993 1997 3008 4006 4993 5982 698~ 7980 
c.VDT, /Je o.e 896 1917.6 3075 4001 503C 5855 686S 7807 
Prediction, /JE o.e 80~ 1681 2568 3448 4318 5159 6165 6953 
Bending stress, 0; MPa 0.0 42.4 88.6 135 183 228.5 272 325 366 
Table 6.5 Summary of bending stress and strain measurements from surface mounted 
EFPI-SS and a strain gauge with analytical prediction loaded in three-point 
bending 
oad, N 0.0 33.5 70.1 107 146 183 216 254 293 332 370 
~ensor, /JE 0.0 488 1013 1523 2009 2519 2950 3526 3998 4544 5070 
Strain gauge, 0.0 501.4 1008 1504 2009 2508 3007 3505 4001 4504 5007 
I/JE 
Prediction, /JE 0.0 414 866 1319 1799 2256 2674 3142 3615 4100 4570 
lBending stress, 0.0 21.8 45.6 69.5 94.8 119 141 166 191 216 241 
o;MPa 
Table 6.6 Summary of the strain response from embedded EFPI-SS and interpolated 
strain measurements from strain gauge for smart beam 1 
lLoad, N 0.0 39.7 80.8 122 162 220 265 308 350 393 436 
Sensor, /JE 0.0 253 482 760 1037 1333 1543 1774 1991 2229 2498 
Strain gauge, 0.0 253 503 752 1003 1251 1502 1755 1997 2250 2496 
,Ill; 
lBending 0.0 33.8 68.7 104 138 187 225 262 297 334 371 
strength, MPa 
Table 6.7 Summary of the strain response from embedded EFPI-SS and interpolated 
strain measurements from strain gauge for smart beam 2 
Load,N 0.0 40.8 81.9 123.6 161.7 214.6 259.1 302.5 345.0 386.1 428.0 
Sensor, Ile 0.0 271 484 756 1013 1214 1545 1723 1998 2260 2530 
Strain gauge, 0.0 252 504 753 999 1249 1502 1750 2002 2250 2501 
Ill; 
Bending 0.0 32.3 64.9 98.1 128.3 170 206 240 274 306 340 
strength, MPa 
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Table 6.8 Summary of the bending stresses and strains responses of an intact and smart 
beam 
Intact Load, N 0.0 35.4 76.6 112 151 190 226 265.6 305 344 
beam (A) Strain 0.0 504 1005 1501 2008 2506 3005 3504 4000 4505 
gauge,l-u 
Bending 0.0 23.6 49.1 74.6 101 126 151 177 203 229 
strength, 
MPa 
Smart Load,N 0.0 41.6 84.1 126 163 210 255 299 341.4 382.0 
beam (B) Strain 0.0 507 1009 1499 1996 2501 3010 3495 4008 4498 
gauge, llE 
Bending 0.0 25.4 51.3 76.9 99.3 128.1 156 182 209 233 
strength, 
MPa 
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Chapter 7 Damage Detection and Assessment by Using EFPI-SS 
Damages experienced in the composite host could be complex and usually involved a 
combination of a number of damage mechanisms, which was briefly reviewed in Section 
7.1. To estimate the overall performance of the composite host, the detection of damage 
growth, in particular delaminations was very important. Therefore, the feasibility of using 
embedded EFPI-SSs to detect such propagation became a focal point. A range of three-
point bending and SBS tests were performed on smart carbon/epoxy beams with embedded 
artificial delaminations and they were categorised as non-damaging and damaging, as 
summarised in Table 7.1-7.3. Summary of the smart beam dimensions as well as the gauge 
length and the initial air gap length of the EFPI-SSs are given in Table 7.4. The results of 
the non-damaging and damaging tests were discussed in Sections 7.3 and 7.4 respectively. 
7.1 Damage Mechanisms of Host Composi te Material 
Three major damage mechanisms exist in the host laminates and they are matrix cracking, 
delamination and fibre fracture. Depending on laminate lay-up, structural configuration, 
loading direction, and local state of stress, these damage mechanisms could occur 
individually or in a combination, but usually in a sequential manner. 
Matrix cracking appears at a relatively early stage of loading because of its low tensile 
strength. Delamination is separation of individual plies either in the composite matrix or at 
the fibre-matrix interface. It could result from either in-plane extension of transverse 
matrix cracks caused by local interlaminar tensile failure or ILS failure in transversely 
loaded laminated structures. The occurrence of delamination could cause significant 
stiffness degradation and ultimate premature failure and thus has been identified as the 
most detrimental damage mechanism. Therefore, detecting the presence and growth of 
delamination were the primary focus in the current investigation, though the ultimate 
failure of the host laminate came from fracture of the reinforcing fibres. 
7.2 Strategies of damage simulations and detection of delamination 
167 
Smart preconditioned beams had FEP films embedded through the width to simulate 
delamination in a controlled manner. They were preferred at this development stage to that 
induced by impact loading as the size and location of the delamination could be easily 
controlled. Thus, delamination at one of three different locations and with one of two 
different lengths (10 mm and 20 mm) was employed, as shown in Figs. 7.2.1-7.2.2, the 
largest of which was limited by the SBS tests. The two longitudinal locations were at the 
mid-span in the compressive as well as the tensile regions, and 10 mm away from the mid-
span in the tensile region. Each delamination was embedded in such a way that it was close 
to the maximum bending stress or strain regions of the beam. As the through-the-thickness 
tensile quarter location was occupied by the EFPI-SS, tensile delaminations were 
embedded at the 29-30ply interface at which the ply bending stress here was the highest, as 
shown in Fig. 5.5.3. For the compressive region delaminations, the similar location of three 
plies from the surface was deemed too close to the loader. Thus, the compressive quarter 
location (or 8-9 ply interface opposite to that of the EFPI-SS) was selected. 
Initially in the non-damaging tests, the smart preconditioned beams were loaded in three-
point bending up to the maximum bending strain of about 5000 IlE and the effect of he 
artificial delaminations on bending stiffness was studied. The beams had the support span 
of 87 mm to provide the nominal Ut ratio of 22. 
In the damaging tests, the smart preconditioned beams were loaded to failure in both three-
point bending and SBS. There, the effects of damage growth were monitored from the 
change in bending and ILS strengths respectively. In three-point bending, the same span 
length as was in the non-damaging tests were used while the support span of 32 mm to 
provide the nominal Ut ratio of 8 was used for SBS tests. The shorter Ut ratio was 
desirable to induce the propagation of the embedded delamination. Consequently, two 
different end overhangs had to be dealt with in the SBS tests which were equal to 28% and 
184% of the span. Besides, the effect of overhang length on ILS strength was found to be 
negligible [305-306]. As the diameter size of the 'T' frame loader was 12.5 mm, the results 
from the sa as well as the embedded EFPI -SS could be affected by local stress 
concentration [306]. For this reason, additional tests were performed by having the EFPI-
SS, sa and delamination positioned at the quarter span and tested in three-point bending 
andSBS. 
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Fig. 7.2.2 Location of EFPI-SS and delaminations in flexure three-point bending and 
SBS test specimens 
7.3 Preconditioned Beams with Embedded EFPI-SS with Non-Damaging Load 
For the ease of discussion, the stiffness evaluations of smart preconditioned beams were 
carried out in three separate sections. Firstly, comparison between intact and 
preconditioned beams for the effect of embedded delamination; secondly, comparison 
170 
between preconditioned and smart preconditioned beams for the effect of embedded EFPI-
SS, and finally, comparison between smart and smart preconditioned beams for again the 
effect of embedded delamination. 
7.3.1 Comparison between intact and preconditioned beams 
Failure load 
To establish the significance of delamination in the host laminates, tests were first 
performed on preconditioned beams with a 20-mm delamination embedded at the mid-span 
at the 29-30 ply (Case C2) and 8-9 ply interfaces (Case C4) respectively, as summarised in 
Table 7.5. These beams with the support span of 87 mm were strain-gauged at the mid-
span in the tensile region and loaded monotically to failure. In both Cases C2 and C4, the 
embedded delamination propagated and caused the beams to fail. The additional intention 
was to find out the approximate level of strain at the flexural failure. The flexure strength 
and modulus results were compared with those of intact beams (Case A) and are shown in 
Figs. 7.3.1-7.3.4 and summarised in Tables 7.6-7.7. The error bars on top in the figures 
indicate standard deviation. The intact beam was strain-gauged at the mid-span in the 
tensile region and its respective flexure strength and modulus results were combined with 
those obtained earlier in Chapter 5. Stress-strain curves of the intact and preconditioned 
beams are shown in Fig. 7.3.3. 
The average flexural strength and modulus of the preconditioned beams with delamination 
at the 29-30 ply interface (Case C2) was measured to be 593±47 MPa and 33.5±1.7 GPa 
respectively. A reduction of about 21 % and 19% respectively compared to that of the intact 
beams were expected due to the fact that the delamination was embedded at the interface in 
which flexural deformation was promoted. This was evidently shown in Fig. 7.3.5 by the 
propagation of the tensile delamination towards the beam surface. This also explained the 
discontinued response in the bending strains after 7000 IlE in Fig. 7.3.4. For this reason, 
beams in the non-damaging tests were only loaded up to 5000 IlE. For the preconditioned 
beams with delamination at the 8-9 ply interface (Case C4), the average flexure strength 
and modulus were barely affected. The results were plausible due to two combined 
reasons. One was that the bending and associated ILS stresses at the 8-9 ply interface were 
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not high enough. The other was that the local indentation could exert forces across the 
delaminations so that it made the delamination much harder to propagate. 
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Intermediate non-damaging load 
In the non-damaging tests, SO measurements from intact (Case A) and preconditioned 
beams (Case C1I2 & C3/4) were compared in Fig. 7.3.6 and summarised in Table 7.8. 
From these results, the beam flexural modulus was seen to depend on the through-the-
thickness location of the delamination to a small extent. The beams with the tensile 
delamination (Case CII2) showed a slightly higher flexural modulus than that with the 
compressive delamination (Case 3/4) due to the local stress concentration induced by the 
loader. 
Fig. 7.3.5 Micrograph showing the flexure failure at the tensile surface of the beam 
which caused the strain gauge to debond 
400 • A intact beam 
- .. - Cl beam with a IO-mm delamination 
" 
350 ~ 300 
'" 
- - •.. C2 beam with a 20-mm delamination 
-.~. C3 beam with a lO-mm delamination 
 II 250 
'" 
- • - C4 beam with a 20-mm delamination 
OJ) 
,;:: 
'6 200 
,;:: 
0) 
.0 150 S 
::I 
S 100 .~ 
~-
~ 
::E 50 
0 
~~~:.-.-.-.--i:~'-~-'-'l 
0 1000 2000 3000 4000 5000 6000 
Fig. 7.3.6 
Bending strain, /-lE 
Comparison between intact and preconditioned beams using strain gauge 
measurements 
174 
7.3.2 Comparison between preconditioned and smart preconditioned beams 
In addition to the delaminations, embedding EFPI-SSs may induce local stress 
concentrations within the preconditioned host laminate. One way of confirming this was to 
compare the average f1exural moduli of the smart preconditioned beams (Case D and E) to 
that of the from preconditioned beams (Case C1I2 & C3/4), as shown in Figs. 7.3.7-7.3.8 
and summarised in Table 7.8. The individual stress-strain curves of each smart 
preconditioned beam (Case D and E) are shown in Figs. 7.3.9-7.3.10. The average f1exure 
modulus of the smart preconditioned beam with a lO-mm delamination in the tensile 
region (Case Dl) was measured as 47.8±5.l GPa. When compared to that of the 
preconditioned beams (Case Cl), a decrease of 11.8% was observed. On the other hand, 
the average f1exural modulus of the smart preconditioned beam with a 20-mm tensile 
delamination (Case D2) showed only a slight decrease when compared to the 
preconditioned beam (Case C2). In fact, the average f1exural modulus of the smart 
preconditioned beams with the 20-mm tensile delamination (Case D2) was higher than that 
with the lO-mm tensile delamination (Case Dl). Thus, these results seemed to suggest that 
the low average f1exural modulus measurements for beams with a lO-mm delamination 
were most probably due to the poor reproducibility between the two individual beams, as 
shown in Fig. 7.3.9. For the smart beams with compressive delaminations (Case E1I2), the 
f1exural modulus were comparable with those from preconditioned beams (Case C3/4), 
irrespective of the delamination size, as observed in Fig. 7.3.8. In addition, the 
reproducibility of the results for Case El12 between individual beams in Fig.7.3.1O seemed 
acceptable. Although only one preconditioned beam for each Case C was tested, these 
results seemed to suggest that the presence of EFPI-SSs did not create local stress 
concentration within the host laminate 
7.3.3 Comparison between smart and smart preconditioned beams 
Measurements from both embedded EFPI-SS and SG of smart preconditioned beams were 
compared to that of the smart beams, which were discussed in Section 6.6. Having 
confirmed that the embedded EFPI-SS did not create local stress concentration within the 
host laminate, the measurements from the surface bonded SG were interpolated to provide 
the corresponding bending strain at the interface where the EFPI -SS was embedded, 
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providing that the delarnination did not propagate. In this way, the results from both sensor 
and SG could be compared. 
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For smart beams each with a tensile delamination, the respective correlations of the strain 
measurements from EFPI-SSs with the interpolated values from SOs were good as shown 
in Fig. 7.3.11 and summarised in Table 7.9. This was particularly true with a IO-mm 
delamination (Case 01). However, a poor correlation between sensor and SO was shown 
for the smart beams with a 20-mm tensile delamination (Case 02). The presence of a 20-
mm delamination divided the laminate into two unequal sublaminates in which one 
consisted of the embedded EFPI-SS and the other the surface bonded SO. It seemed that 
this size of delamination was large enough to result in some propagation. Consequently, 
the interpolated values from the SO might not be accurate. 
Based on the average strain measurements from the EFPI-SSs in Fig. 7.3.11, a reduction in 
the average flexural modulus was observed when a beam with a IO-mm tensile 
delamination (Case 01) was compared to the smart beam (Case B). It seemed the average 
flexural modulus reduced further by 22% with a 20-mm tensile delamination (Case 02). In 
addition, the reproducibility of the EFPI-SS measurements for Cases Band 02 were 
acceptable as shown in Figs. 7.3.12 and 7.2.14, though Case 01 in Fig. 7.3.13 was not. 
Nevertheless, these results showed that the EFPI-SS was sensitive towards the presence of 
delamination 
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For smart beams each with a delamination in the compressive region (Case E1I2), the 
strain responses from the EFPI-SSs correlated well with the interpolated values from the 
SGs for both delamination sizes, as shown in Fig. 7.3.15 and summarised in Table 7.9. The 
good correlation may be due to the fact that both embedded EFPI-SS and surface bonded 
SG were in the same sub-laminate. In addition, the reproducibility of the EFPI-SSs 
responses seemed to be excellent, as shown in Figs. 7.3.16-7.3.17. Based on the strain 
measurements of the EFPI-SS, it seemed that the beam with a lO-mm delamination (Case 
El) did not show any effect in the flexural modulus when compared with the smart beam 
(Case B). On the contrary, the beams with a 20-mm delamination (Case E2) showed a 
slight decrease of about 10% in flexure modulus. Nevertheless, this effect was less than 
that when the embedded delamination was in the tensile region (Case D2) possibly because 
the latter was closer to where the flexure failure occurred. 
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All the previous results seemed to indicate that the embedded delaminations had to be not 
only near the sensors but also large enough. To further explore these aspects, a 20-mm 
delamination was embedded at lO-mm away from the mid-span at the 29-30 ply interface 
in the tensile region (Case F). As seen in Fig. 7.3.18, the average strain response from the 
embedded EFPI-SS was comparable with those from the intact (Case A) and the smart 
(Case B) beams. It was possible that the orientation of EFPI-SS with respect to the 
orientation of the delamination did not promote sensor sensitivity. Another possible reason 
could be that the ILS stress was not sufficiently high for the delamination to propagate. 
Nevertheless, the embedded EFPI-SSs demonstrated excellent reproducibility as shown in 
Fig. 7.3.19. 
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With the flexural modulus values determined from the slope of EFPI-SS stress-strain 
curvess, a global damage variable S could be established to quantify the degree of the 
stiffness degradation. When S = 0, it indicates a state of no damage. If the value of S 
increased with the progression of damage, it can be defined by 
S(%)=(I- Et It JX100 
EJo 
(7.3.1) 
where the subscript! and 0 defines with and without damage respectively, E is the average 
flexural modulus of the laminated beam determined from the EFPI-SS responses, and I is 
the average second moment of inertia of the beam. The computed average S values for 
each specimen types as a function of delamination size and embedded location are given in 
Table 7.10 and shown in Fig. 7.3.20. As clearly seen, the delaminations embedded in the 
tensile region had the highest S values, though the effect of the size did not seem to vary 
significantly. Nevertheless, these S values may be used as a crude indicator for the effect 
of stiffness degradation provided the EFPI-SS was embedded at the specific span and 
through-the-thickness positions. Overall, these experimental results seemed to show that 
the embedded EFPI-SSs were able to detect the existence of delamination which the 
surface bonded SGs were less sensitive to. However, it seemed that the delaminations had 
to be close to the EFPI-SSs and also must be large enough for detection, though it may be 
because the ILS stress at the delamination location was not high enough. Generally, the 
reproducibility of the EFPI-SS measurements were good. 
7.4 Preconditioned Beams with Embedded EFPI-SS under Damaging Load 
The earlier success of embedded EFPI-SSs in detecting delaminations encouraged further 
investigation into the possibility of using them to detect delamination propagation. As 
mentioned earlier, these tests were carried out using two different loading conditions, 
namely three-point bending and SBS. The smart preconditioned beams were loaded 
incrementally in series of 250 !-lE and 125 !-lE each time respectively in three-point bending 
and SBS. After each increment, the smart preconditioned beams were unloaded and 
visually inspected for propagation as well as initiation of delaminations. 
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7.4.1 Three-point bending 
Discussion of the three-point bending results was again divided into smart beams and 
smart preconditioned beams. In the former, SOs were bonded on both tensile and 
compressive surfaces at one quarter-span. Strain interpolation from strain gauges 
measurements was carried out for the sensor location as before, in which it was assumed 
that the bending strain varied linearly through the thickness of the smart beam. For the 
smart preconditioned beams, a 20-mm delamination was inserted at the 29-30 ply interface. 
A single SO was bonded on the tensile surface of the beam and its responses were 
interpolated to provide the corresponding bending strains at the EFPI-SS location. 
Similarly, an interpolation was carried out with the assumption that strain varied linearly 
through the thickness providing the delamination did not propagate. 
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Fig.7.4.1 Comparison between the strain gauges (SG) and sensor (S) 
responses of a smart beam loaded to failure (Case Gl(B» 
The smart beam (Gl(B» was loaded to failure. The postmortem inspection of the failed 
specimen seemed to show that the failure location was at the mid-span at the 4-5 ply 
interface (compressive region). The maximum strains measured by the sensor and 
interpolated from the SGs at one quarter were 0.48% as shown in Fig. 7.4.1 and 
summarised in Table 7.11. A good correlation between the EFPI-SS measurements and the 
interpolated values from the SGs was observed. When the beam failed, a sudden decrease 
in the bending strain was observed on the stress-strain curved of the EFPI-SS. To verify 
that the embedded sensor and SGs may still function as the failure location was away from 
them, the same specimen was reloaded up to a maximum strain of 0.2%. Again, a good 
correlation between the EFPI-SS measurements and the interpolated values from the SGs 
was observed, thus, confirming that both measurement devices were still in good working 
order.In addition, the reloaded bending stress-strain curves showed a reduced bending 
modulus, thereby suggesting that the damage existed. The detailed results for the reloaded 
smart beam are given in Table 7.12. 
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Fig. 7.4.2 Comparison between interpolated strain gauge (SO) and sensor (S) 
measurements of a smart preconditioned beam with a 20-mm delamination 
(Case 02(D2» 
The smart preconditioned beam with a 20-mm tensile delamination (Case 02(D2» was 
loaded to failure with the maximum surface bending strain of about 1.2%. Again the 
corresponding strain data at the sensor location are shown in Fig. 7.4.2 and are summarised 
in Table 7.13. From postmortem inspection of the failed specimen, it seemed that the 
specimen failed due to the propagation of the tensile delamination at a bending strain of 
0.53% at the through-the-thickness tensile quarter location and this was identified by a 
sudden decreased in the bending strain in the stress-strain curve from EFPI-SS. At this 
time, the additional delaminations were also observed at the 12-13 ply interface, as 
illustrated in Fig. 7.4.3. 
In comparing the stress-strain curve from the embedded EFPI-SS with the interpolated 
values from the SO, a good correlation was observed between them at the strain levels of 
below 0.2% at the through-the-thickness quarter location. However as the loading 
progressed up to about 0.37%, the sensor response began to deviate from the SO 
measurements possibly due to sensing the effect of the artificial delamination. It seemed 
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that at this strain level, some propagation of the delamination had occurred. At the same 
time, the additional delamination at the 8-9 ply interface was observed, which was 
identified by a sudden change in the slope of the stress-strain curve of the EFPI-SS. The 
slope change in the SG stress-strain curve also confirmed this. 
Stacked/overlapped delamination between 8th-9th 
ply interface and between 12th-13th ply interface 
(= => 
Delamination propagated towards 
the tensile surface of the beam 
Fig. 7.4.3. Illustration of the fractured smart preconditioned beam (Case G2(D2» with a 
20-mm delamination 
Although these results demonstrated the capability of EFPI-SS in monitoring the initiation 
and propagation of delaminations in three-point bending, it was not easy to establish a well 
defined criterion for the delamination to propagate as the local ILS stresses were deemed to 
be small. Therefore, further investigations were conducted in SBS to repeat some of the 
early cases. 
7.4.2 ILS loading 
The presence of delamination could alter the ILS stresses in the host laminate. Owing to 
this, the use of elementary beam theory for determining ILS stress through the ply interface 
where the delamination was embedded may no longer be accurate and therefore, an 
analytical model based on basic fracture mechanics was used to determine ILS stress Tof a 
delaminated composite beam. This relationship can be expressed by [309] 
(7.4.1) 
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where a is half of the delamination length, as shown in Fig. 7.4.4 (a), the term (I-i) counts 
for the effect of the wide width as explained earlier in Section 6.4, G lIe is the critical mode 
IT strain energy released rate and E* is the effective modulus derived using the basic UD 
mechanical properties of the carbon/epoxy composite system described in Chapter 5, 
which is given as 
E*= 
p 
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Fig. 7.4.4 Schematic of the delaminated beam geometry in: (a) full 
dimension, and (b) half beam of the del aminated beam model. 
(7.4.2) 
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To obtain Gllc required by Eq. (7.4.1), a general model based on the centre notched beam 
in bending was used [310] rather than just the Gllc data from the end notched flexure 
(ENF) tests [255]. In this model, the delaminated beam was separated into two 
sublaminates with thickness, hu and hL, respectively as shown in Fig. 7 .4.4(b). The sub-
laminates were solved as individual beams that were constrained at the boundaries x=O and 
x=a. To simplify the analyses, the only interaction between the two sub-laminates occurred 
at the boundaries. In addition, neither stretching-shearing nor bending-twisting coupling 
was accounted for, though bending-stretching coupling may occur. Since the beams were 
still narrow relative to their lengths, the in-plane and bending forces in the beam width 
direction were assumed negligible. Based on these assumptions, a general expression of 
G II c as a function of the force N, and moment M, resultants, and extensional A, coupling 
B, and bending D, stiffness could be obtained [308] as 
G
IIC = ~[~: + ~i _ ~,2 + ~: + ~i +2 Nu~u +2 NL~Ll 
Du DL D, Au AL Bu BL 
(7.4.3) 
where subscripts u and L represents the upper and lower sub-laminates respectively. For 
each sub-laminate, the respective resultants and stiffness are defined as 
BL 
Nu =-ku 
A 
1- ~ aU-+!:)~ (7.4.4) 
BL DL 2 a W 
D 
Bu 
N L =-kL 
A 1- ~ a(~+!: )~ (7.4.5) 
Bu Du 2 a W 
D 
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(7.4.7) 
in which P and W are the load applied and displacement in the z direction, k is associated 
with the bending stretching coupling of each individual sub-laminate system which is 
defined as 
and 
Cs is the transverse shear coefficient expressed as 
12D 
C =1+--
, a2S 
and the generalised stiffness terms A, B, D and S are defined by 
1 1 1 
-=-+-, A - -A" AL 
1 1 1 
-=-+-B - -' 
B, BL 
1 1 1 
-=-+-D - -
Du DL 
1 1 1 
and-=-+-S - -
Su SL 
in which the transformed stiffness terms of the individual sub-laminates are 
[~] =_1 -h _1 +(hu)2 1 - - ,- 2 A, A" B, D, 
(7.4.8) 
(7.4.9) 
(7.4.10) 
(7.4.11) 
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[~] =_1 +h _1 +(hL)2_1 - - L_ 2 -
A L ~ BL DL 
(7.4.12) 
[ ~] =~-(~)~ 
B, Bu D, 
(7.4.13) 
(7.4.14) 
(7.4.15) 
(7.4.16) 
where [~1' [~L [~ 1, [! ]A~ 1 and [~ 1 are generally defined by 
(7.4.17) 
(7.4.18) 
(7.4.19) 
where the subscript k represents either the upper, u or lower, L, sub-laminate. 
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In addition, 
(7.4.20) 
(7.4.21) 
which Ass matrix is represented by 
(7.4.22) 
where d is the thickness of the laminate and Q55 is defined by 
(7.4.23) 
in which Q55 =0\3 = Q44 =023 = S.3±0.3 OPa, and m2 and n2 are the Tll and T\2 terms of 
the [1] transformation matrix. 
The results of the computed Gllc and rfor each test summarised in Table 7.3 are given in 
Tables 7.14-7.21. The discussion of SBS results of smart preconditioned beams were 
carried out in four separate sections and they were smart preconditioned beam with a 10-
mm and 20-mm delaminations respectively in the tensile region, and smart preconditioned 
beam with a lO-mm and 20-mm delarninations respectively in the compressive region. For 
the 20-mm delamination in both regions, beams with two different overhang lengths were 
tested. The respective beam dimensions together with the air gap length as well as the 
gauge length of the embedded EFPI-SSs were given in Table 7.4. 
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Smart preconditioned beam with a to-mm delamination in the tensile region 
A smart preconditioned beam with a 1O-mm tensile delamination and with a long overhang 
length was loaded to failure in a SBS test (Case Hl(Dl». The reason for the long overhang 
was that the same beam (Case Dl) tested for bending stiffness earlier was now tested in 
SBS. The strains measured by the embedded EFPI-SS together with the interpolated strain 
values from the surface bonded SO are shown in Fig. 7.4.5 and summarised in Table 7.14. 
The interpolation of the strain gauge measurements was carried out with the assumption 
that the delamination did not propagate. Upon visual inspection, it seemed that the 
delamination propagation occurred at the ILS stress of 68.6 MPa, which seemed to 
correspond to a kink in the stress-strain curve from the EFPI-SS. At the same time, a slope 
change in the SO measurements was observed. In addition, this ILS stress value was close 
to the intact beams value of 61.6±5.1 MPa which was obtained earlier in Chapter 5. 
However, the beam did not fail catastrophically at 69 MPa because the delamination 
propagated internally since it was centrally located within the beam. 
The close examination of the sensor stress-strain curve seemed to show that there were 
signs of delaminations initiated early in the loading. The first was at the ILS stress of 29.4 
MPa, at which the strain measured by the EFPI-SS recorded a lower value compared to the 
SO. This was possibly due to the fact that the EFPI-SS was placed directly over the centre 
of the 1O-mm delamination and therefore experienced less stress concentration [311]. 
Nevertheless, it was believed that the embedded delamination propagated because the 
corresponding strain energy release rate, Glle at this ILS stress level was close to that 
needed for propagation, as shown in Fig. 7.4.6. The G lIe for this carbon/epoxy composite 
system was determined experimentally as 940 ± 36.0 11m2 [255]. Although there were no 
additional delaminations observed, this speculation was confirmed by the slope change in 
SO stress-strain curve. Similarly, the second kink was observed at the ILS stress of 53.6 
MPa could imply further propagation of the delamination. The kinks in the EFPI -SS stress-
strain curve seemed to be much better defined when compared to that of the interpolated 
SO stress-strain curve. 
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Fig. 7.4.5 Comparison of strains between strain gauge (SO) and sensor (S) for smart 
preconditioned beam with a 1O-mm delamination (Case Hl(Dl» and with a 
long overhang in SBS 
Smart preconditioned beam with a 20-mm delamination in the tensile region 
Two smart preconditioned beams each with a 20 mm delamination in the tensile region 
with different overhang lengths were tested in SBS. As before, the reason for one beam 
(Case D2) with the longer overhang was that the same beam tested for bending stiffness 
earlier was now tested in SBS. The strains measured by the embedded EFPI-SS were 
compared with those interpolated SO values for both tests and they are shown in Figs. 
7.4.7-7.4.8. The interpolation was carried out in the same manner as described earlier. A 
summary of the results for each test is provided in Tables 7.15-7.17. 
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Fig. 7.4.6 Relationship between ILS stress andfracture energy for smart preconditioned 
beam with a 10-mm delamination in the tensile region (Case Hl(Dl)) 
Although it seemed that the embedded delamination did propagate in both short (Case 
H2(D2)) and long (Case H3(D2) overhang beams at the ILS stress level of 45 MPa and 60 
MPa respectively, as shown in Figs. 7.4.7-7.4.8, it did not lead to catastrophic failure ofthe 
beams. This was because the delamination propagated internally as it centrally located 
within the beam. Nevertheless at these respective ILS stress levels, additional 
delaminations were also observed upon visual inspection at the 20-21 ply and 24-25 ply 
interfaces (all on the tensile side) in the beam with the short overhang while at the 4-5 ply 
interface (on the compressive side) in the beam with the long overhang. The propagation of 
the delaminations was monitored by embedded EFPI-SS in which their occurrences were 
clearly signified by the kinks in the sensor stress-strain curve. The slope change in SO 
measurements also seemed to speculate this. 
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Similar to the Case H1(D1) earlier, the sensor stress-strain curves seemed to show 
indications that delaminations were initiated early in the loading for both the short (Case 
H2(D2» and long overhangs smart preconditioned beams. For the beam with the short 
overhang (Case H2(D2», the additional delaminations were observed at the 8-9 ply and 
12-13 ply interfaces (on the compressive side) at the ILS stress of about 25 MPa when the 
beam was unloaded and inspected. Their occurrences were clearly defined by kinks in the 
sensor stress-strain curve in Fig.7.4.7. However, the presence of these delaminations were 
not detected by the SO and could be possibly due to the embedded delamination dividing 
the laminate into two sublaminates which one consisting of the EFPI-SS while the other 
the SO. As the additional delaminations were formed in the sublaminate containing the 
EFPI-SS, the SO might not have been able to detect the initiation. For the smart 
preconditioned beam with the long overhang (Case H3(D2», the strain measurements from 
the EFPI-SS began to deviate from the interpolated SO values after 10 MPa as shown in 
Fig. 7.4.8. The EFPI-SS showed slightly higher strain measurements, possibly due to that 
the effect of the artificial delamination was picked up. As loading progressed to an ILS 
stress level of 40 MPa, the additional delamination was observed at the 12-13 ply interface 
(on the compressive side) upon visual inspection, which was identified by a kink in the 
sensor stress-strain curve and by a slope change in the SO stress-strain curve. 
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Although it was assumed that the kinks in the sensor stress-strain curve signified 
propagation of delamination, the stress concentration induced by the loader may have also 
caused the sensor to response in this way. In order to verify this, the same specimen was 
reloaded but at 7-mm away from the mid-span. The sensor and SO stress-strain curves are 
shown in Fig. 7.4.9 and the detailed test results are given in Table 7.17. The lower strain 
responses from both SO and EFPI-SS compared to the original data were expected as they 
were placed away from the maximum bending strain region. In particular, the stress-strain 
curves from the EFPI-SS showed no kinks. Therefore an additional test was carried out in 
which the artificial delamination, SO and EFPI-SS were all positioned at one quarter span 
(Case H4(D2». In this test, a strain gauge was also bonded on the compressive surface at 
the one quarter span. For the purpose of comparison, the compressive strain measurements 
were shown as tensile while the EFPI-SS measurements were extrapolated. The 
extrapolation was carried out with the assumption that strain variation through the 
thickness was linear and the surfaces on both sides of the delamination did not propagate. 
The strain measurements from the sensor and the SOs are shown in Fig. 7.4.10. Summary 
of the results are given in Table 7.18. 
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Fig.7.4.1O Comparison of strains for a smart preconditioned beam with a 20-mm 
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The beam (Case (H4(D2» first failed at the ILS stress level of about 77 MPa. The post 
mortem inspection revealed that delamination might have propagated. Such propagation 
was detected by both SOs and the embedded EFPI-SS, via a significant kink in their 
respective stress-strain curves. It was believed that plateau following the kink was due to 
the redistribution of stress within the laminate when the delamination propagated. The 
similar reasoning was used for the next plateau at about lOO MPa. One important 
additional observation shown in Fig, 7.4.10 was that the strains measured by the 
compressive strain gauge were not identical to those measured by the tensile strain gauge. 
Therefore, a direct interpolation of the strain gauge values to confirm sensor measurements 
may not be accurate. 
Smart preconditioned beam with a to-mm delamination in the compressive region 
A smart preconditioned beam with a la-mm compressive delamination and with a long 
overhang length was tested in SBS (Case H5(El». This beam (Case El) was tested for 
bending stiffness earlier and was now tested in SBS for failure. The stress-strain curves 
from both the sensor and interpolated SO are shown Fig. 7.4.11 while the details of the test 
results are given in Table 7.19. The method used to interpolate the SO values was the same 
as described earlier in Case Hl(Dl). Upon visual inspection, it seemed that the embedded 
delamination did not propagate and instead propagation of delamination at the 11-12 ply 
interface (compressive side) was observed, which seemed to correspond to a kink in the 
stress strain curve from EFPI-SS as well as a slope change in SO stress-strain curve at ILS 
stress of 67 MPa. The embedded delamination did not propagate possibly because the 
associated ILS stresses at the 8-9 ply interface were not high enough. In addition, the local 
indentation could exert forces across the delaminations so that it made the delamination 
much harder to propagate. 
The additional delamination at the 11-12 ply interface was initiated early in the loading 
which occurred at the ILS stress of 36.5 MPa. The effect of local stress concentration 
induced by the loader may have caused a compressive failure zone [307] and in turn 
initiated the delamination at such a low ILS stress level compared to that determined 
earlier from the intact beams in Chapter 5. Nevertheless, the EFPI-SS seemed to have 
detected the initiation as well as the propagation of the delaminations which could be 
200 
clearly observed from the kinks in the stress-strain curve. The slope change at the 
advanced stage of the SO stress-strain curve seemed to agree with this. 
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Fig. 7.4.11 Comparison of strains between strain gauge (SO) and sensor (5) for 
preconditioned smart beam with a lO-mm delamination with a long 
overhang (Case H5(El» in SBS 
Smart preconditioned beam with a 20·mm delamination in the compressive region 
Two smart preconditioned beams each with a 20-mm delamination in the compressive 
region but with different overhang lengths were tested in SBS. As again, the reason for one 
beam (Case E2) with the longer overhang beam was that the same beam tested for bending 
stiffness was used here. For both tests, the strains measured by the embedded EFPI-SS 
were compared with those interpolated SO values, which was obtained by assuming the 
variation through·the-thickness of the beam was linear. The results are shown in Figs. 
7.4.12-7.4.13 and a summary of the results for each test is given in Tables 7.20-7.21 
respectively. 
From postmortem inspection, it seemed that the beam with the short overhang (Case 
H6(E2» had an additional delamination initiated at the 4-5 ply interface at ILS stress level 
0[60 MPa, which was shown by the kink in the sensor stress-strain curve in Fig, 7.4.12. At 
the same time, a slope change in the SO measurements was observed. Though the 
embedded delamination did propagate early in the loading at the ILS stress of 39.6 MPa, it 
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did not cause the beam to fail catastrophically. This was simply because the delamination 
propagated internally as it was centrally located within the beam. Similarly, the embedded 
delamination in the beam with the longer overhang (Case H7(E2» did not propagate either. 
Instead, additional delaminations at the 3-4 ply and 12-l3 ply interfaces (all on the 
compressive side) were observed upon visual inspection at the ILS stress level of 61.9 
MPa. Again, these delaminations were identified by the kinks in the stress-strain curve of 
the EFPI-SS shown in Fig. 7.4.l3. However, the SG did not detect the initiation of these 
delaminations. 
160 
140 
120 
" ~ 100 
.; 
'" 80 ~ 
-'" d 60 
40 
20 
0 
0 
(a) (b) 
-·-·f.L!.-I.t-._.- -·-·f • .J.!.·.-. 'l;,i ~l-·-·-- , ••• . = 
, , 
(c) (d) - New delamination 
~' ~.i _.-. ._. t· -:.:-+-' . -._.- _.-. ·_·t·-:::--+_· ._._.-'; ; I (d) 
- .. - H6(E2) - a 20-mm compressive 
delamination (SG) 
• H6(E2) - a 20-mm compressive 
delamination (S) 
500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 
Strain, !-lE 
Fig.7.4.12 Comparison of strains between strain gauge (SG) and sensor (S) for a 
SBS smart preconditioned beam with a 20-mm delamination with a short 
overhang (Case H6(E2» in SBS 
Similar to the other cases, close examination of the EFPI-SS stress strain curves seemed to 
speculate that additional delaminations were initiated and propagated early in the loading. 
For the beam with the short overhang (Case H6(E2», Fig. 7.4.12 showed that the first kink 
in the EFPI-SS curve occurred at the ILS stress of 21.2 MPa. From visual inspection when 
the beam was unloaded, the additional delaminations at 3-4 ply, 12-13 ply (all on the 
compressive side), 20-21 ply and 29-30 ply (on the tensile side) were observed. The 
initiations of the additional delaminations in the compressive region were probably due to 
effect of local stress concentration induced by the loader. Similarly, another kink in the 
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EFPI-SS stress-strain curve observed at ILS stress of 42 MPa implied that additional or 
propagation of delaminations had occurred. Upon unloading and visually inspecting the 
beam, it seemed that additional delaminations were observed at 20-21 ply and 29-30 ply 
(tensile side) interfaces. However, there was no slope change in the stress-strain curve of 
the SG measurement and the reason for this is still uncertain. For the beam with a long 
overhang length (Case H7(E2)), a kink in the sensor stress-strain curve was observed at 
ILS stress of 35 MPa which specUlated that either delamination(s) were initiated or 
propagated. Again from visual inspections, it seemed that additional delaminations were 
initiated at 12-13 ply and 29-30 ply interfaces and this was also shown by a slope change 
in the SG stress-strain curve. The additional delamination at the 29-30 ply interface 
propagated up to a length of 32 mm which was the length of beam support span. It was 
possible that this additional delamination propagated as the loading progressed and 
therefore dividing the laminate in two sublaminates. This could be the reason why there 
was no slope change in the SG stress-strain curve when the additional delamination at ply 
3-4 was initiated at ILS stress of 61.9 MPa. 
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Fig.7.4.13 Comparison of strains between strain gauge (SG) and sensor (S) for a 
smart preconditioned beam with a 20-mm delamination with long 
overhang (Case H7(E2)) in SBS 
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From the experimental results, it was speculated that the embedded EFPI-SSs were capable 
of monitoring the delamination propagation, although it was difficult to induce such 
propagation from the artificial embedded delamination. This stems from that fact that the 
delamination was centrally-located and embedded at the ply interfaces at which the 
corresponding ILS stresses were less than maximum. Nevertheless in some cases, it was 
believed the EFPI-SS identified the propagation of interior delaminations by kinks in the 
sensor stress-strain curves as well as by visually inspecting the beams after unloading. 
Then again, these results were based on single tests and thus, further investigation based on 
similar configurations are required to confirm this. For the flexural tests, the EFPI-SS 
identified flexural failure by a sudden decrease in the bending strain of the stress-strain 
curve. Similarly, these speCUlations were made based on single test results and thereby 
additional tests are needed for confirmation. 
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Table 7.1 Summary of the locations of EFPI-SS, strain gauge, and delarnination in the 
non-damaging test specimens 
Designation Specimen EFPI-SS Strain Delarnination Number of 
type location gauge Location Size specimens 
location <mm) 
TIT Span Span TIT Span 
A Intact - - Mid - - - 1 
B Smart 24th_ Mid Mid - - - 2 
25th 
Cl PC - - Mid 29'"_30'" Mid 10 1 
C2 PC - - Mid 29'h-30'" Mid 20 1 
C3 PC - - Mid S'"-9'" Mid 10 I 
C4 PC - - Mid Sth_9'" Mid 20 1 
Dl PC Smart 24'"_ Mid Mid 29th_30'" Mid 10 2 
25th 
D2 PC Smart 24'h_ Mid Mid 29'h-30'" Mid 20 3 
25'h 
El PC Smart 24'"_ Mid Mid S'"-9'" Mid 10 2 
25th 
E2 PC Smart 24'h_ Mid Mid S'n_9'" Mid 20 2 
25'h 
F PC Smart 24'"_ Mid Mid 29'"_30'" lOmm 20 2 
25'h away 
from 
mid-
span 
PC denotes preconditioned 
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Table 7.2 Summary of the locations of EFPI-SS, strain gauge, and delamination in the 
damaging flexural test specimens 
Specimen Specimen EFPI-SS Strain gauge Delamination Number of 
identity condition location location Location Size specimens 
(mm) 
TIT Span Span Surface TIT Span 
Gl (B) Smart 24("- 1/4 114 Tensile - - - 1 
25(h & 
Comp 
G2(D2) PC Smart 24("- Mid Mid Tensile 29'"_ Mid 20 1 
25th 30th 
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Table 7.3 Summary of the locations of EFPI-SS, strain gauge, and delarnination in the 
damaging ILS test specimens 
Specimen Specimen EFPI-SS Strain gauge Delarnination Number of 
identity condition location location specimens 
Location Size Overhang 
(mm) 
TIT Span Span Surface TIT Span Short Long 
HI(Dl) PC Smart 24'°_ Mid Mid Tensile 29'"_ Mid 10 - 1 
25'h 30th 
H2(D2) PC Smart 24th_ Mid Mid Tensile 29'°_ Mid 20 1 -
25'h 30'h 
H3(D2) PC Smart 24'"_ Mid Mid Tensile 29'"_ Mid 20 - 1 
25 th 30th 
H4(D2) PC Smart 24'"_ Mid Mid Tensile 29'"_ Mid 20 1 -
25 th & 30'h Comp 
H5(El) PC Smart 24'"_ Mid Mid Tensile 8'"_ Mid 10 
-
1 
25'h 9'h 
H6(E2) PC Smart 24th_ Mid Mid Tensile 8'"_ Mid 20 1 -
25'h 9 th 
H7(E2) PC Smart 24'''_ Mid Mid Tensile 8'"_ Mid 20 - 1 
25'h 9'h 
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Table 7.4 Summary of beam dimensions and physical properties of EFPI-SS for each test 
specimen 
Specimen Specimen Specimen EFPI-SS EFPI-SS Depth, Width, I,mm' 
identity type number initial gap gauge mm mm 
length, length, mm 
!-lm 
A Intact 1 - - 3.77 15.56 69.48 
B Smart 1 24.4 9.40 3.84 15.28 72.10 
B Smart 2 24.4 9.80 3.80 16.37 74.85 
Cl PC 1 - - 3.74 13.24 57.72 
C2 PC 1 - - 3.69 14.83 62.09 
C3 PC 1 - - 3.75 15.65 68.77 
C4 PC 1 - - 3.73 16.11 69.67 
D1 PC Smart 1 27.1 10.5 3.63 16.51 65.81 
Dl PC Smart 2 29.3 6.60 3.77 15.67 69.97 
D2 PC Smart 1 42.8 12.2 3.88 14.81 72.09 
D2 PC Smart 2 24.4 6.60 3.77 14.95 66.76 
D2 PC Smart 3 41.4 6.08 3.84 16.60 78.33 
El PC Smart 1 35.8 11.6 3.77 14.81 66.13 
El PC Smart 2 39.2 9.50 3.87 15.63 75.49 
E2 PC Smart 1 21.7 6.18 3.79 16.45 74.63 
E2 PC Smart 2 38.7 5.81 3.78 16.15 72.69 
F PC Smart 1 24.8 6.70 3.78 16.61 74.76 
F PC Smart 2 28.5 8.40 3.76 16.17 71.63 
Gl(B) Smart 1 24.4 9.80 3.80 16.37 74.85 
G2(D2) PC Smart 1 42.8 12.2 3.88 14.81 72.09 
H1(Dl) PC Smart 1 27.1 10.5 3.63 16.51 65.81 
H2(D2) PC Smart 1 34.8 7.20 3.66 14.87 60.75 
H3(D2) PC Smart 1 41.4 6.08 3.84 16.60 78.33 
H4(D2) PC Smart 1 26.7 4.00 3.65 14.95 60.58 
H5(El) PC Smart 1 39.2 9.50 3.87 15.63 75.49 
H6(E2) PC Smart 1 30.4 9.48 3.64 16.05 64.51 
H7(E2) PC Smart 1 38.7 5.81 3.78 16.15 72.69 
Table 7.5 Summary of locations of delamination in flexural preconditioned specimens 
Position of delamination Number of strain gauged Number of total tests 
specimens 
Intact 2 2 
8th-9th interface 2 4 
29th-30th interface 2 3 
208 
Table 7.6 Flexure three-point bending results of preconditioned beams 
Position of Properties Intact Delamination 
delamination 20mm 
8th-9th interface Flexural strength, MPa 750+83 734+46 
Diff. % - -2 
Flexural modulus, GPa 42.3+5.0 42.6+1.9 
Diff. % - 3 
29th-30th interface Flexural strength, MPa 750+83 593+47 
Diff. % - -21 
Flexural modulus, GPa 42.3+5.0 33.5+1.7 
Diff. % - -19 
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Table 7.7 Individual flexural (a) strength, and (b) modulus results of preconditioned 
beams 
Specimen t b Ut P a Il ex (!l A aco Observations 
number (mm) (mm) (kN) (MPa) (mm) (mm) (mm) (MPa) 
lDelamination between ply 8th-9th interface 
1 3.89 5.02 22.4 0.43 743.8 6.39 0.10 6.29 0.02 757.5 Flexure failure between 
ply 4-5,8-9 
2* 3.86 4.43 22.5 0.39 761.6 6.64 0.10 6.55 0.02 777.3 Flexure failure between 
ply 1-2,4-5,8-9 
3 3.89 5.16 22.4 0.43 717.2 6.17 0.10 6.07 0.02 729.2 Flexure failure between 
ply 4-5,8-9,29-30 
4* 3.92 4.72 22.2 0.37 660.6 6.07 0.09 5.98 0.02 671.1 Flexure failure between 
ply 4-5,8-9 
Ave= 3.89 4.83 22.4 0.40 720.8 6.32 0.10 6.22 0.02 733.8 
SD= 0.02 0.33 0.14 0.03 44.1 0.25 0.00 0.25 0.00 46.2 
(SDlMean) 0.63 6.73 0.63 8.07 6.12 4.03 4.37 4.09 11.6 6.3 
%= 
pelamination between ply 29th-30th interface 
1* 3.88 4.61 22.4 0.32 607.3 6.94 0.09 6.86 0.02 621.4 Flexure failure between 
ply 4-5,29-30 
2 3.79 4.83 23.0 0.32 608.3 6.42 0.09 6.33 0.02 619.9 Flexure failure between 
ply 4-5,29-30 
3* 3.86 4.29 22.5 0.26 530.6 6.02 0.08 5.94 0.02 539.0 Flexure failure between 
ply 4-5,29-30 
Ave= 3.84 4.58 22.64 0.30 582.1 6.46 0.08 6.38 0.02 593.4 
SD= 0.05 0.27 0.28 0.04 44.6 0.46 0.01 0.46 0.00 47.2 
(SDlMean) 1.23 5.93 1.24 12.1 7.66 7.20 6.66 7.22 19.03 7.95 
%= 
* denotes specimens with surface bonded strain gauge at mid-span of the beam tensile 
region 
(a) 
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Specimen t(mm) b(mm) Ut P (kN) I PILI Ex (OPa) 
number (mm·12) (N/mm) 
Delamination between ply 8th-9th interface 
1 3.89 5.02 22.4 0043 24.6 0.077 42.79 
2 3.86 4043 22.5 0.39 21.2 0.067 43.08 
3 3.89 5.16 2204 0043 25.3 0.082 44.39 
4 3.92 4.72 22.2 0.37 23.7 0.069 39047 
Ave= 3.89 4.83 2204 0040 23.7 0.D7 42.55 
SD= 0-02 0.33 0.14 0.03 1.78 0.Q1 1.87 
(SD/Mean)%= 0.63 6.73 0.63 8.07 7.52 9.56 4.39 
iDelamination between ply 29th-30th interface 
1 3.88 4.61 2204 0.32 2204 0.056 34.18 
2 3.79 4.83 23.0 0.32 21.9 0.056 34.85 
3 3.86 4.29 22.5 0.26 20.6 0.047 31.60 
Ave= 3.84 4.58 22.64 0.30 21.6 0.083 33.54 
SD= 0.05 0.27 0.28 0.04 0.97 0.006 1.71 
(SD/Mean)%= 1.23 5.93 1.24 12.1 4048 6.891 5.11 
(b) 
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Table 7.8 A yerage flexural modulus of intact, smart preconditioned beams and smart 
preconditioned beams with non-damaging loads using strain gauge 
measurements 
Designation Specimen type Flexural modulus 
(GPa) 
A Intact 50.7+7.5 
B Smart 51.7+2.0 
Cl PC-10mm, between 29th-30th 54.2 
ply interface 
C2 PC-20mm, between 29th-30th 55.4 
ply interface 
C3 PC-lOmm, between 8th-9th 47.8 
ply interface 
C4 PC-20mm, between 8th-9th 50.1 
ply interface 
D1 PC smart-lOmm, between 47.8±5.1 
29th-30th ply interface 
D2 PC smart-20mm, between 51.8±4.6 
29th-30th ply interface 
El PC smart-lOmm, between 50.7±0.4 
8th-9th ply interface 
E2 PC smart-20mm, between 47.3±O.9 
8th-9th ply interface 
F PC smart-20mm, between 52.5±1.6 
29th-30th ply interface at 
lOmm away from mid-span 
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Table 7.9 Flexural modulus of smart and smart preconditioned beams with non-damaging 
loads using EFPI-SS measurements 
Designation Specimen type Flexural modulus (GPa) 
EFPI-SS Interpolated 
strain gauge 
A Intact - 143.9 
B Smart 138.3 138.4 
Dr PC smart-lOmm, between 114.6 120.5 
29th-30th ply interface 
D2 PC smart-20mm, between 107.8 141.8 
29th-30thply interface 
Er PC smart-lOmm, between 140.3 138.0 
8th-9th ply interface 
E2 PC smart-20mm, between 124.4 125.1 
8th-9th ply interface 
F PC smart-20mm, between 145.6 148.7 
29th-30th ply interface at 
lOmm away from mid-span 
Table 7.10 The global damage variable, S, of smart and smart preconditioned beams 
Designation Specimen type Global damage variable, S 
B Smart 0 
Dr PC smart-lOmm, between 29th-30th ply 0.234 
interface 
D2 PC smart-20mm, between 29th-30th ply 0.232 
interface 
Er PC smart-lOmm, between 8th-9th ply 0.020 
interface 
E2 PC smart-20mm, between 8th-9th ply 0.098 
interface 
F PC smart-20mm, between 29th-30th ply 0 
interface, 10 mm away from mid-span 
213 
Table 7.11 Results of a smart beam (Case G 1 (B» loaded in flexuraI to failure 
oad,N 0 ~4.5 151.8 217.8 ~91.1 f400.4 f493.9 571.9 M6.3 1723.1 811.7 ~95.1 ~66.1 1043 1097 1161 1236 1283 1356 1402 1010 
Sensor, !lE 0 ~52.8 434.6 690.5 870.5 1164 1480 1741 1991 ~154 2506 ~795 3016 3292 3476 3802 3973 4442 4758 5115 346.6 
nterpolated 0 ~64.0 524.4 744.0 fJ87.0 1231 1503 1747 1978 12213 2450 12692 2941 3142 3458 3657 3936 4121 4405 4556 5296 
strain gauge, 
!lE 
Maximum 0 ~5.2 ~1.3 73.6 fJ8.36 135.3 166.9 193.2 218.4 244.3 274.2 ~02.4 326.4 352.4 370.5 392.1 417.7 ~33.6 458.2 473.6 341.4 
bending 
stress, MPa 
Table 7.12 Results of a smart beam (Case G1(B» reloaded in flexuraI after failure 
Load, N 0 61.9 127.3 188.9 253.1 318.7 383.3 446.9 551.3 
Sensor, !lE 0 242.7 492.6 727.8 1015.9 1217.7 1486.0 1726.2 2071.6 
nterpolated 0 200.6 455.8 687.2 976.0 1246.8 1530.1 1797.7 1980.9 
strain gauge, !lE 
~aximum 0 18.9 38.9 57.7 77.3 97.3 117.1 136.5 168.4 
pending stress, 
iMJ'a 
~----------------------------------------------------------------------------------------
Table 7.13 Results of a smart preconditioned beam with a 20-mm delamination (Case 02(D2)) loaded to failure in three point bending 
Load,N 0 34.0 68.7 104.9 140.9 174.6 1208.7 242.7 276.5 309.9 343.2 376.8 407.9 440.6 469.6 ~85.2 509.5 529.6 553.:; 577.6 594.8 609.4 240.8 181.3 
Sensor, 0 235.1 528.4 851.8 1096 1391 1657 1869 2250 2433 2774 2990 3285 3535 3701 4039 4192 4400 4693 4787 5222 5323 2272 1697 
!.lE 
Strain 0 253.7 501.8 751.5 1001 1253 1502 1752 2003 2251 2503 2757 3003 3254 3885 4034 4311 4592 4774 5085 5345 5904 7273 10164 
gauge, 
!.lE 
Bending 0 32.7 66.0 100.8 135.4 167.8 200.6 ~33.3 265.7 ~97.8 329.8 ~62.1 392.0 ~23.4 451.3 466.3 489.6 509.0 531.7 555.1 571.6 585.7 23l.5 174.3 
stress, 
MPa 
Table 7.14 SBS test results of a smart preconditioned beam with a lO-mm deIamination in the tensile region (Case H1(Dl)) 
Load,N 0 53.27 101.5 153.0 211.2 221.4 274.4 313.4 366.4 429.3 466.6 500.3 552.0 616.9 640.7 713.9 760.8 805 848.2 893.9 952.8 l00l.7 
OIl 0 33.1 121.2 275.3 524.6 576.4 885.8 1155 1580 2168 2561 2944 3585 4477 4829 5995 6810 7624 8463 9400 10680 11805 
(J/m2) 
't,MPa 0 5.68 10.87 16.39 22.62 23.71 29.39 33.57 39.25 45.99 49.98 53.59 59.13 66.08 68.63 76.47 81.49 86.23 90.85 95.75 102.06 107.30 
Sensor, 0 146.03 250.87 400.34 597.32 564.83 529.91 682.46 823.73 939.97 1046 999.28 1150 1419 1392 1665 1742 1869 1903 1969 2079 2167 
UE 
Strain 0 126.2 251.4 376.2 500.7 623.0 75l.4 868.4 995.1 1117 1246 1360 1497 1608 1738 1868 1994 2109 2226 2356 2502 2610 
gauge, 
!.lE 
Table 7.15 SBS test results of a short overhang smart preconditioned beam with a 20-mm delamination in the tensile region (Case H2(D2» 
Load,N 0 65.48 133.43 198.33 260.41 335.28 396.39 459.24 531.50 592.11 648.11 706.40 758.46 826.44 899.41 957.13 1015.32 
Oll 0 50.7 209.4 462.6 797.5 1322.0 1847.8 2480.2 3322.1 4123.0 4939.8 5868.3 6765.1 8032.2 9513.2 10773.4 12123.2 
(J/m2) 
't,MPa 0 4.97 10.10 15.02 19.72 25.39 30.02 34.78 40.25 ,44.84 49.08 53.49 57.44 62.58 68.11 72.48 76.89 
Sensor, 0 113.89 210.45 373.42 482.93 582.21 622.45 762.94 901.25 1014.51 1023.09 1144.19 1208.88 1360.53 1422.45 1528.72 1698.78 
j.tE 
Strain 0 126.9 251.5 372.5 491.9 628.1 748.5 865.4 1000.2 1113.9 1234.0 1361.0 1478.2 1604.4 1743.4 1857.2 1980.5 
gauge, 
UE 
Table 7.16 SBS test results of a long overhang smart preconditioned beam with a 20-mm delamination in the tensile region (Case H3(D2» 
Load,N 0 72.99 150.75 261.00 361.14 450.45 530.63 631.17 743.10 807.49 916,02 1025.48 
Oll 0 44.2 187.4 561.7 1075.3 1673.0 2321.5 3284.6 4552.8 5376.0 6918.2 8670.3 
(J/m2) 
't,MPa 0 4.64 9.56 16.55 22.90 28.56 33.65 40.02 47.12 51.20 58.08 65.02 
Sensor, 135.24 267.79 444.07 602.03 764.99 949.45 1035.85 1206.62 1441.18 1459.08 1665.27 
I.tE 0 
Strain 0 124.1 250.3 366.2 497.1 621.1 740.2 863.1 987.5 1109.4 1236.8 1353.6 
gauge, 
ut:: 
Table 7.17 SBS test results of a short overhang smart preconditioned beam with a 20-mm delamination in the tensile region (Case H2(D2» 
reloaded at 7-mm away from mid-span after failure 
Load,N 0 92.71 197.58 308.50 414.23 509.34 629.02 714.60 828.33 916.28 1026.15 
GII 0 101.6 459.1 1119.3 2017.9 3050.8 4653.1 6005.4 8068.9 9873.3 12383.3 
(J/m2) 
1:, MPa 0 7.04 14.96 23.36 31.37 38.57 47.63 54.11 62.73 69.39 77.71 
Sensor, 0 85.54 182.24 311.34 454.82 555.98 690.23 786.56 923.50 1041.48 1116.92 
ue 
Strain 0 118.4 240.9 371.4 497.8 617.9 751.5 859.4 990.2 1108.0 1236.1 
gauge, 
ue 
Table 7.18 SBS test results of a short overhang smart preconditioned beam with a 20-mm delamination in the tensile region (Case H4(D2» 
loaded at quarter span 
Load, N 0 86.32 212.13 308.50 380.52 463.52 583.91 680.60 824.61 999.64 987.33 977.21 1067 1272 1373 1493 1491 1628 1840 
Gn (IIm"') 0 87.9 527.9 1117 1699 2521 4000 5434 7977 11723 11436 11203 13363 18969 22124 26134 26066 31117 39720 
1:,MPa 0 6.55 16.04 23.33 28.78 35.06 44.16 51.48 62.37 75.61 74.68 73.91 80.72 96.18 103.87 112.89 112.74 123.18 139.17 
Sensor, !le 0 234.4 450.1 688.7 960.2 1197 1312.3 1632 1796 1846 2430 3042 3365 3343 3516 4787 5272 5343 5492.9 
Tensile 0 246.7 508.0 744.0 1050 1251 1550 1757 2067 2299 2556 2804 2995 3342 3548 4026 4199 4480 4940 
strain gauge, 
ue 
Compressive 0 215.7 388.8 591.1 913.1 1073 1334 1446 1692 1644 2175 2772 2909 2943 3102 4001 4156 4255 4145 
strain gauge, 
!-le 
1892 
41990 
143.05 
5750 
5204: 
, 
, 
, 
I 
I 
4519: 
, 
, 
, 
, 
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Table 7.19 SBS test results of a long ovemang smart preconditioned beam with a lO-mm delamination in the compressive region (Case 
H5(El)) 
Load,N 0 60.71 124.34 182.79 242.80 295.18 366.48 443.43 479.45 612.04 653.85 712.3~ 761.7~ 806.3C 884.1~ 953.66 1018.88 
Gll (J/mL) 0 21.5 92.0 198.8 350.8 518.5 799.3 1170.2 1368.0 2229.2 2544.2 3020.C 3453.4 3868.S 4652A 5412.3 6177.9 
't,MPa 0 4.58 9.47 13.93 18.50 22.49 27.92 33.78 36.53 46.63 49.81 54.27 58.03 61.43 67.3f 72.65 77.6~ 
Sensor,!!" 0 85.77 211.76 360.93 502.28 557.97 714.31 846.57 842.45 1167.21 1372.00 1246.79 1446.70 1553.7' 1218.71 1836.12 1894.07 
Strain 0 122.2 251.9 373.4 497.4 622.3 749.0 872.9 988.5 1251.9 1358.0 1482.4 1610.5 1734.3 1854.~ 1992.2 2101.0 
gauge, !le 
Table 7.20 SBS test results of a short overhang smart preconditioned beam with a 20-mm delamination in the compressive region (Case 
H6(E2)) 
Load, N 0 60.2 114.2 179.4 219.4 259.6 295.2 352.5 1414.C 453.7 511.0 546.6 596.4 663.6 707.6 738.6 804.5 865.0 942.2 942.8 1007 
Gn (J/mL) 0 26.8 95.6 235.9 352.9 1493.7 638.5 910.9 1256 1509 1914 2190 2607 3227 3670 3998 4743 5484 6506 6515 7435 
't, MPa 0 3.61 6.83 10.72 13.12 15.52 17.64 ~1.08 24.75 27.12 30.55 32.68 35.66 39.67 42.30 44.15 48.09 51.71 56.32 56.36 60.21 
Sensor, 0 112.4 1234.3 386.0 501.2 559.3 466.5 555.9 701.1 770.2 928.4 1041 1036 1195 1302 1294 1489 1689 1836 1749.2 1965.2 
!le 
Strain 0 123.8 248.7 374.1 500.7 620.6 727.9 856.8 997.0 1117 1237 1364 1487 1613 1745 1851 1986 2102 2229 2346 2498 
igauge,l!E 
L-________________________________________________________________________________ ~ ____ _ 
Table 7.21 SBS test results of a long overhang smart preconditioned beam with a 20 mm delarnination in the compressive region (Case 
H7(E2)) 
Load,N 0 135.93 217.02 330.53 437.47 499.86 608.08 707.76 811.56 915.03 1019.88 
Gu (Jlm") 0 127.05 321.29 745.29 1305.59 1704.49 2522.44 3417.23 4493.03 5711.80 7095.84 
't,MPa 0 7.87 12.52 19.06 25.23 28.83 35.07 40.82 46.81 52.78 58.82 
Sensor, IAE 0 224.60 537.21 702.09 993.70 1127.80 1090.91 1360.68 1638.83 1139.11 1131.12 
Strain gauge, IAE 0 247.02 501.29 748.40 988.76 1249.72 1482.21 1730.89 1976.65 2229.55 2499.81 
~-----------------------------------------------------------------------------------------------
Chapter 8 Conclusions and Recommendations 
The current research project was intended to design, manufacture and develop a fibre optic 
sensor-based damage evaluation system (FODDAS) in composite host structure. Because 
of the scope and complexity of the task, the present efforts have been restricted to the 
following features: (1) The simple beams were selected as the configuration of the smart 
structures because ply stresses and strains in the beams could be calculated by the modified 
eLT, thereby being tremendously instrumental in the design and validation of the system 
development. (2) EFPI-SS was selected because not only were these sensors temperature 
insensitive and free of transverse strain-coupling but they were relatively cheap and easy to 
construct. The case where EFPI-SSs were embedded in the tensile region only was 
investigated. (3) Smart composite beams were preconditioned with through the width 
artificial delaminations of two different sizes, each at various though-the-thickness 
locations. They were subjected to quasi-static loading in both three-point bending and SBS. 
The selection of the quasi-static loading favoured the control on load location and 
magnitude thereby requiring fewer specimens but made capturing of the delamination 
propagation more difficult. Each beam was incrementally loaded to ultimate failure. After 
each increment, the beam was unloaded and visually inspected for damage. The two most 
significant focal points of the current research project was therefore (i) evaluation of the 
manufacturing and process for smart and smart preconditioned beams and (ii) examination 
of the flexural and ILS behaviour in the beams with the varied preconditions with intention 
to use the embedded sensor to assess the effect of embedded delamination. Such 
assessment was carried out on the basis of comparing various cases. The following 
conclusions were drawn. 
(a) EFPI-SS either for embedment or surface bonding could be constructed with a very 
good quality such that they survived the maximum tensile strains of up to 0.8%. If 
used with other carbon/epoxy systems with higher cure temperatures, a higher 
performance adhesive or a fusion splicing would have to be used. All the efforts made 
to ensure the survival of the sensors during the composite cure seemed to have 
worked. 
(b) The extensive examination has shown that the sensor-host bonding was critical to the 
success of the FODASS. This was particularly affected by the orientations of the 
sensors with respect to the orientations of 0°_ plies. It was found that at least one of the 
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two adjacent plies should be collinear so that bonding defects such as resin eyes could 
be minimised. In this way, they could only have negligible effect on static flexural and 
ILS properties. The ILS strength value of an intact beam determined using SBS 
method was 61.6 MPa while a smart beam with three optical fibres embedded in 
between two collinear plies (mid-plane) was 59.5 MPa. In addition, the ILS strength 
value of 60.8 MPa was determined with five optical fibres at quarter location. 
Similarly, the flexural strength value of 746 MPa was obtained from intact beams 
when loaded in three-point while a value of 764 MPa was obtained when five optical 
fibres were embedded at single quarter location. It was also found that when both 
adjacent plies crossed the optical fibres or sensors, the significant size of resin eyes 
and associated stress concentration formed could lead to the reduction of flexural 
strength by 22% with five optical fibres. On the other hand, presence of optical fibres 
did not affect the flexural modulus of the beam. 
Cc) It was demonstrated that the embedded EFPI-SSs were capable of detecting changes 
in bending stiffness induced by the embedded delamination of at least 20-mm large. It 
was shown that for the embedded delamination to be near the sensor helped evaluation 
with the clearer indication. 
(d) It was anticipated that detecting the onset of delamination propagation in the smart 
preconditioned beams subjected to quasi-static loads was less straightforward. 
Especially, monitoring the delamination propagation was found to be difficult 
primarily because it was difficult to induce such propagation from the centrally-
located delamination that had to be embedded at the ply interfaces at which the 
corresponding ILS stresses were less than the maximum. Nevertheless, in some SBS 
test cases, particularly smart preconditioned beams with delamination embedded in 
the tensile region, the interior propagation of the embedded delaminations was picked 
up by the embedded sensors via kinks in the stress-strain curves as well as visual 
inspection. However, this speculation was based on single test results which needs 
further confirmation. 
Despite all the limitations and constraints, the present beam-based FODASS was shown to 
be able to assess the effects of induced propagation of artificially-embedded delaminations. 
As the ultimate goal of this research was to apply this system in plates and subsequently 
subjecting them to impact loading, the followings were recommended for future work: 
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1. To carry out additional non-damaging and damaging tests on smart, preconditioned 
and smart preconditioned beams of similar configurations in three-point bending as 
well as SBS. In this way, speculations that propagation of the delaminations were 
identified from the kinks in the stress-strain curve of an embedded EFPI -SS could be 
confirmed. 
2. To carry out similar works in five-point or seven-point bending on smart beams as this 
would ensure that centrally located interior delaminations would propagate rather than 
at the edges. 
3. To carry out similar works with the embedded EFPI-SS placed directly over the edge 
of the delamination in which the sensor would be near the stress concentration region. 
In this way, the propagation of the delamination could be monitored much more 
effectively. 
4. To create a network of embedded EFPI-SSs consisting of at least two sensors 
multiplexed so that the precise damage location can be determined more accurately in 
plates. 
5. To develop and validate a damage detection system with EFPI-SS embedded in the 
compressive region. 
6. To create an analytical model so that predictions on the effect of delamination size on 
the bending stiffness could be provided for comparison. 
7. To select a different lay-up so that the EFPI-SSs could be embedded in between two 
collinear plies. 
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Appendix 4.1 Autoclave operating procedure 
This section describes the method used to operate an autoclave machine for curing of 
composite laminates. A schematic of the control panel at the front of the autoclave is 
shown and in Fig. A4.1.1 and will be used to assist explanation. 
Vacuum gauge 
Fig. A4.1.1 Control panel at the front of the autoclave 
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The following procedure describes the method used to fabricate a composite laminate 
using an autoclave. 
1. Disassemble the autoclave unit so that access can be gained to its base. 
2. With a pair of scissors, the required length and quantity of materials needed, as was 
shown in Fig. 4.1.6 are cut from their appropriate rolls. It is important that the cut is 
performed on a cleaned flat base. This is to ensure that these materials are freed 
from any contaminants and dust. In addition, defective materials should be 
discarded, as they will directly affect the quality of the laminate surface finish. 
3. Remove laminate from freezer. 
4. Remove the protective paper on one side of the laminate 
5. Unlike in the laying of plies, the laying of the porous PTFE onto the exposed 
laminate surface is not done in a rush. This is to allow the PTFE sheet to adhere 
well onto the laminate surface. Holding the two corners on one side of the porous 
PTFE, the sheet is gently lowered onto the laminate. Once laid, the PTFE sheet is 
carefully tapped onto the laminate starting from the centre in a circular pattern and 
heading towards the outwards direction. Although rubbing can be done instead, 
care must be practiced as the PTFE can easily creased. Upon completion, rest the 
palm of a hand flat onto the PTFE's surface so that heat can be transferred to the 
laminate. This to ensure a good adhesion is achieved between the porous PTFE and 
the laminate. 
6. Repeat steps 4 and 5 for laying of the remaining porous PTFE on the other side of 
the laminate. 
7. Transfer the laminate to the base of the autoclave and assemble the remaining 
materials according to the sequence shown in Fig. 4.1.6. As long as the stack does 
not obstruct the vacuum holes or rubber seal of the autoclave, the stack can be 
placed in any location on the autoclave base. Therefore, occasionally more than one 
laminate can be cure at a time but only one bagging film and non-porous Teflon 
layer would be required. When assembling, the materials must be positioned as 
such that the centre of each layer is roughly positioned one on top of the other. 
8. Before laying the bagging film, cover the vacuum holes which are located at the far 
back of the autoclave base with a length of breather fabric. This is done so that 
when the autoclave is evacuated and pressurised, the membrane between these two 
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different pressures would not puncture the bagging film when it is sucked down 
onto the autoclave base. 
9. Where the alignment rods are to be fixed into the cooking plate, two holes exist. 
For the alignment rods to fit into them, two holes in the bagging film are made 
using a scalpel. The cut is done while the bagging film is positioned on top of the 
holes. 
10. Using the alignment rods as a guide, place and align the rods (attached to the 
chamber plate) into the autoclave base via bagging film. This will automatically 
align the chamber plate to the autoclave base. Once in position, slowly lower the 
chamber plate onto the bagging film and the cooking plate while ensuring that the 
film would not be creased. 
11. Connect the air hose located at the rear of the autoclave to the chamber plate. 
12. Place the remaining autoclave top plate on top of the chamber plate without 
aligning it yet. 
13. Remove one of the alignment rods and align the hole of autoclave top plate at that 
particular corner with the alignment hole of the chamber plate. Then, replace the 
alignment rod. 
14. Repeat step 12 and 13 for the other corner. 
15. Assemble the three removable clamping supports and associated bolts, plates and 
nuts onto the autoclave 
16. Tighten the bolts of the clamping supports down with two spanners using a gradual 
bolting technique. 
17. Turn power on at the three phase box on the wall 
18. Turn the autoclave POWER and VACUUM PUMP switch on the control panel to 
the "ON" position. 
19. Turn the VACUUM RELEASE valve in the anti-clockwise direction slowly to 
ensure that all the air is evacuated evenly and then to full. The reading of the gauge 
will slowly increase to about 2SHg. 
20. Release the right nozzle/valve of the compressor valve mounted on the wall by 
turning it the anti-clockwise direction up to 90psi. 
21. Turn the PRESSURE RELEASE valve on the autoclave control panel in the anti-
clockwise direction to allow the pressure flow into the autoclave chamber. 
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22. After applying the pressure, check for air leaks along the seal fittings either side of 
the chamber plate. If air leaks are detected, reduce the pressure back to atmosphere 
and retighten the clamping supports. Reapply the pressure and if the problem of air 
leaks is not solved, a possibility that the bagging film has punctured. In such 
circumstances, the bagging film is replaced and the autoclave is resembled 
following steps 9 to 2l. 
23. Once the pressure is successfully being applied, check the operating programme on 
the CONTROLLER by the following steps in Table A4.1.l. The CONTROLLER 
has a selection of key options, as shown in Fig. A4.l.2, to facilitate the 
programming. 
LCD screen 
o o 
Fig. A4.l.2 Details of the Controller on 
the autoclave control panel 
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Table A4.1.1 Programming instructions to operate the autoclave 
SELECT SCREEN DISPLAY 
RUN LIST 
PROGLIST 
HbOFF 
Hb U (0.0) 
rmP.U (min) 
DW. L. U (Hour) 
~ CYCn 1 
SEGn 1 
TYPE:rmPr 
r ~ TGT: 60.0 or 90.0 * 
r ~ RATE 2.0 or 1.0* 
~ SEGn2 
~ tYPE: DWELL 
DUR HOUR: 18.0 or 6.0* 
SEGn3 
~ JJ tYPE:rmPR 
~ 11 TGT 10.0 
~ RATE 10.0 
SEGn4 
TYPE: END 
'W END TRSET 
* Appropriate settings were selected depending on either carbon/epoxy or glass/epoxy 
composite laminates were being cured 
24. If the screen display is not consistent with Table A4.1.1, the TICK UP, ~, or TICK 
DOWN, V, ARROW is used to change the settings accordingly before proceeding 
to the next step. 
25. Once the program is confirmed, the cure process is activated following the 
instructions given in Table A4.1.2. 
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Table A4.1.2 Instructions to activate the cure process in autoclave 
SELECT SCREEN DISPLAY 
0 RUN LIST 
\\P STATOFF 
\I STATON 
26. Leave the composite laminate to cure in the autoclave for 24 hours. 
27, Once the cure process is completed, the pressure is returned back to Opsi by turning 
the nozzle/valve of the compressor valve mounted on the wall in the clockwise 
direction. 
28, Turn both POWER and VACUUM PUMP switch on the autoclave control panel to 
the "OFF" position. 
29, Turn off all main power switches, 
30, Remove the three removable clamping supports and associated bolts, plates and 
nuts, 
31. Remove the two alignment rods. 
32, Remove the autoclave top plate. 
33, Remove the chamber plate. 
34, Remove the laminate from the stacking sequence. 
35. Dispose of the porous PTFE, bleeder, and non-porous film. 
36. Clean the non-porous Teflon layer with acetone to remove and residues. 
37, Replace the autoclaves chamber plate, top plate and alignment rods onto the 
autoclave, This is done to ensure that the inside of the autoclave will not be 
contaminated or damage in any way. 
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Appendix 5.1 Mand test machine operating procedure 
Description of equipment 
The Mand test machine consists oftwo separate units, an electronic cabinet, Fig. AS.I.I, in 
which the operator used to control the machine, and the other, is the Mand testing machine 
itself, as shown in Fig. 5.2.8. 
The Mand machine had a lOOkN maximum loading capacity and was equipped with a 
siphonic system. The machine could be controlled in load, strain or displacement mode. In 
all current work, the displacement mode was selected. A load cell and L VDT which were 
mounted on the hydraulic ram, allows information regarding the load and displacement to 
be respectively monitored during testing and can be viewed on the electronic cabinet in a 
digital format. Prior to any tests, the operational parameter must be set on the electronic 
cabinet and they were interrelated with one another. In fact, only a few selected controls 
were varied during each test set-up while those, which remain fixed, are listed in Table 
AS.I.I. The setting of the variable parameters will be explained next. 
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Fig. AS.I.! The control panel of the Mand testing machine control unit 
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Table A5.1.! Settings on the Mand electronic cabinet 
SwitcheslKnobs Settings 
Panel 1: D.P.M 
Reset Max 
Reset Nonnal 
Panel 2: Position Transducer Amplifier 
Range ±25mm 
Panel 3: Extensometer Amplifier 
Range 5 (large setting) 
Panel 5: Overload Trip 
Tension 10-110% of Range lO(large setting) 
Compression 10-110% of Range lO(large setting) 
Warnffrip Warn 
Panel 6: Error Detector 
ErrorO-IOV ! (large setting) 
Warnffrip Warn 
Panel 7: 3 Channel Servo Control System 
Auto Track: Pos'N On 
Auto Track: Strain Off 
Auto Track: Load On 
Panel 8: Ramp Generator 
Lower Limit o (large setting) 
Upper Limit lO(large setting) 
Black knob in the centre of panel Position 
Volt/Second (multiplication factor) xlO·L 
Panel 9: Record Module 
0-IOV Zero Offset knobs (All) 5(large setting) 
Output ports Position & Load 
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Operation of machine 
The handle of the three-phase supply on the wal1 was turn towards the clockwise direction 
to al10w generation of power supply into the MAND machine. As the MAND machine was 
equipped with a siphonic system, it needs to receive water as and when required. In order 
to achieve this, the water supply adjacent to the test machine needs to be flown through the 
system by releasing the tap. The main controls of the machine, as shown in Fig. AS.1.1, 
were activated by switching on the power of a normal 240V main supply switch that was 
connected to a power socket. Fol1owing that, the key at the bottom right of the MAND 
electronic cabinet was turned to an upright position in an anti-clockwise direction. This 
will result in the lights on the INTERLOCKs on Panel 10 to illuminate. These lights were 
turned off by pressing the yellow RESET button on the same panel. Next, the ACTIVATE 
button of the POS'N on Panel 7 was pushed and fol1owed by the yellow RESET button 
again on Panel 10. In order to activate the hydraulic pump, the PUMP button on Panel 10 
was pushed and this would allow the hydraulics fluid to circulate. However at this stage, 
the hydraulic fluid circulating within the machine was not pressurised and therefore the 
PRESSURE ON button on Panel 10 was pushed. This would allow the valve in the pump 
system to shut and thereby creating a pressurised environment. 
The desired maximum load range for testing was carefully selected by turning the RANGE 
knob of Panel 4. For all tests, a lOkN was chosen. At the same time, the loading rate of the 
loader was also selected by adjusting the VOLT/SECOND knob on the RAMP 
GENERATOR in Panel 8. In majority of these tests, a Smrnlminute or 0.0833mmlsecond 
loading rate was applied. The conversion from mrnIminute to volt/second was done by the 
following calculations 
The MAND machine has an analogue voltage of ±lOV. As the RANGE in Panel 2 was set 
to ±2Smm, this implies that 25mm=lOvolts, or 2.Smm=1 volt. By applying cross 
multiplication, a O.0833mmlsecond load rate is equivalent to 0.033volts/second. Therefore 
the VOLT/SECOND knob was set to 3 for the large setting and 3.3 for the small setting, 
with the multiplication factor knob above being set to X 10-2• For easy reference, Table 
AS.1.2 provides a summary of the corresponding settings for different loading rate. 
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Table A5.1.2 Settings on the VOLT/SECOND knob at different loading rate 
Ramp or Loading Rate Settings (Volt/Second) 
(mmlmin) Large setting Small setting 
1 6 6.6 
3 2 0 
5 3 3.3 
Before the start of any test, the digital readout of the crosshead displacement and load need 
to be zeroed. The displacement readout was zeroed using the actuator set points in the 
columns labelled POS'N and STRAIN on Panel 7. Depending on the precision of the 
movement, a FAST coarse or a SLOW fine up and down was used. The corresponding 
movement of the crosshead can be observed from the display on the single LCD screen by 
selecting Pos'n on the knob of RESET on Panel 1. Once the displacement readout of the 
crosshead was zeroed, the loader was lowered down to a distance of about 1-2mm above 
the specimen by rotating the ZERO knob of Panel 2 in an anticlockwise direction. At this 
new position, the load was zeroed by using the ZERO knob on Panel 4, while at the same 
time, the RESET knob on Panel 1 was set to Load to provide a readout. The task of zeroing 
using the ZERO knob may sometimes be tricky because with just a slight tap on the knob, 
a large alterations in the settings could be produced. Once this has been success full y 
achieved, the test machine is ready for testing. 
In all current tests, the loading head needs to move in the downward direction. In order to 
achieve this, the [START-] button on Panel 8 was pressed at the beginning of each test and 
upon completion, the RESET button on the same panel was pushed. The RESET button 
allows the loader to return to its original zero position. 
After the testing has completed, the Mand machine was turned off my first pressing the 
PRESSURE OFF button on Panel 10. Following that, on the same panel, the STOP button 
was pressed and the key at the bottom right of the MAND electronic cabinet was turned in 
a clockwise direction. Finally, all power and water supply were turned off. 
259 
Appendix 5.2 Schulumberger Solartron 3530 Data Logging System 
The Orlon Schulumberger Solartron 3S30D data logging system consists of a key entry 
panel and a multi-functional display (MFD), as illustrated in Fig. AS.2.l. The key entry 
panel has five distinct sections, which are control, definition, edit, processing, and 
numberlletter. The first four sections provide functional options in which each options 
performs either an individual task or activate a menu choice on the MFD. The options 
selected from this panel were indicated by [option] symbol. For the numberlletter section, 
it has its own shift key function to allow either type of entry. The MFD consists of LeD 
screen with six keys below and each key is multi-functional, which is dependable on the 
previous selection from the key entry panel. The function chosen will appear on the second 
line of the LeD display and subsequent task were selected by using any of these six keys. 
Similarly, all options available from this display were indicated by [option] symbol. For 
the data logger to receive and record all measurements, it needs to be programmed. The 
following instructions will prepare the logger to record readings from strain gauge and 
L VDT readings, and the two output readings from Mand testing machine, which in this 
case are Position and Load. With reference to Fig. AS.2.1, the instructions for 
programming of the unit can be separated into seven separate steps. The instructions will 
demonstrate each step showing what button needs to be pressed, where it was pressed 
(defined by the symbol [] or <» and what would the display show after the button was 
pressed. 
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Select item to be defined [Analogue 1nl 
Sensor Cony Alarm Output Text 
~ ~ ~ 
CONTROL DEFINITION EDIT PROCESSING 
~~~OOOO §E30§§00 
E3lEBOOOOO 
BOOOOOO 
OFF 
Lock OD Standby 
ON 
POWER 
o 0 0 
ON EXT.No BACK-UP 
~ ~ 
Fig. AS.2.1 A schematic of the Orion data logger control panel with two separate sections, 
which are the Key entry panel and the Multi-functional Display. Only those 
that were used in the testing were labelled 
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Step 1: To program in strain gauge 
Operation Display with Multifunctional button options 
<Channel> 
Type <13-16> 
<Enter> 
[Sensor] 
[Strain) 
[1I4Br) 
[On) 
[Rem 120) 
[lmA) 
Type<2.12> for (FLA-2-11) 
Type<2.13) for (FLA-5-11) 
<Enter> 
Enter channel numbers 
Enter channel numbers 
13-16 
Select item to be defined [Analogue In) 
Sensor Cony Alarm Output Text 
Select measurement type 
Volts Amps Ohms Thcpl Prt Strain 
Select bridge configuration 
FullBr 112Br 1I4Br 
Select thermal drift compensation 
On Off 
Select dummy 
Rem120 UserX UserY Userz 
Select energisation current 
8mA 1mA User 
Enter gauge factor 
o 
Enter gauge factor 
2.12 or 2.13 
Select item to be defined [Analogue In] 
Sensor Cony Alarm Output Text 
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Step 2: To program in two outputs from the Mand testing Machine (Position and 
Load) 
Operation 
<Channel> 
Type <17-18> 
<Enter> 
[Sensor] 
[Volts] 
[DC] 
Display with Multifunctional button options 
Enter channel numbers 
Enter channel numbers 
17-18 
Select items to be defined [Analogue In] 
Sensor Cony Alarm Output Text 
Select measurement type 
Volts Amps Ohms Thcpl Prt Strain 
Select DC or AC measurement 
DC AC 
Select item to be defined [Analogue In] 
Sensor Cony Alarm Output Text 
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Step 3: To program in displacement output from L VDT 
<Channel> 
Type <38> 
<Enter> 
[Sensor1 
[Volts1 
[DC] 
Enter channel numbers 
Enter channel numbers 
38 
Select items to be defined [Analogue In1 
Sensor Cony Alarm Output Text 
Select measurement type 
Volts Amps Ohms Thcpl Prt Strain 
Select DC or AC measurement 
DC AC 
Select item to be defined [Analogue In1 
Sensor Cony Alarm Output Text 
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Step 4: To program in the task that the Data logger is to do 
<Task> 
Type <1> 
<Enter> 
<Shift> 
Type <Title of test or specimen> 
<Enter> 
[Scan] 
[Timer] 
Type <0> 
<Enter> 
[*] 
[Inter] 
Type <0.5> for ILSS test or 
Type <1> for flexure test 
Enter task number [1-8] 
Enter task number [1-8] 
1 
Enter task little [18 characters max] 
Enter task title [18 characters max] 
Enter task title [18 characters max] 
Title of test or specimen 
Select task function 
Scan Event Off 
Select task trigger source 
Timer Clock Task 
Enter delay to start [dd-hh:mm:ss.t] 
00-00:00:00.0 
Enter delay to start [dd-hh:mm:ss.t] 
o 
Enter number of scans 
* 
Select of fixed interval scan 
Cont Inter 
Enter scan interval [dd-hh:mm:ss.t] 
00-00:00:00.0 
Enter scan interval [dd-hh:mm:ss.t] 
0.5 or 1 
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<Enter> 
Type <1-38> 
<Enter> 
[40/s] 
[Off] 
[All] 
[Always] 
[RS232] 
[Full] 
Type <0> 
<Enter> 
Type <0> 
<Enter> 
Enter channels to be scanned 
Enter channels to be scanned 
1-38 
Select measurement rate 
500/s 100/s 40/s 1O/s 
Select end-of -scan 
Off On 
Select data to be logged 
All Alarm Proc AI+Pr None 
Select when the output task header 
Always Log Data 
Select output device 
Tape Print RS232 422/a Dsply GPIB 
Select format required 
Coded Full Compact 
Enter task triggered on alarm [x,y,z] 
o 
Enter task triggered on alarm [x,y,z] 
o 
Enter tasks aborted on alarm [x,y,z] 
o 
Enter tasks aborted on alarm [x,y,z] 
o 
Ready for command 
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Step 5: To initialise the Data logger so that it is ready to carry out the task 
<Init> 
[Chans] 
Type <17-18> 
<Enter> 
Select facility required 
Chans Refs Clock Print Edit Exit 
Enter channels to be initialised 
Enter channels to be initialised 
17-18 
Step 6: To start the Data logger task 
<Run> Ready for command 
Step 7: To stop the Data logger task 
<Run> Halted 
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Appendix 5.3 Individual results and the respective load-displacement plots of ILS 
tests 
Table A5.3.1 Individual ILSS results of intact SBS specimens 
Specimen t b Ut P(kN) 1: Observations 
number (mm) (mm) (MPa) 
Intact 
1 4.47 4.23 4.5 1.56 61.9 Delamination between ply 7&8,11&12,15&16 
and 24&25 
2 4.43 4.42 4.5 1.50 57.5 Delamination between ply 7&8,11&12,21&22, 
24&25 
3 4.50 4.29 4.4 1.82 70.7 Delamination between ply 15&16and between ply 
20&21 
4 4.52 4.21 4.4 1.68 66.2 No visible delamination 
5 4.32 4.30 4.6 1.40 56.5 Delamination between ply 3&4,7&8,24&25 
6 4.80 4.41 4.2 1.58 56.0 Delamination between ply 7&8,15&16,20&21 
7 3.89 5.39 5.1 1.71 61.2 Delamination between ply 15 & 16 
8 4.00 5.02 5.0 1.69 63.1 Slight delamination between ply 3 & 4 and 
between 12 & 13 
Ave= 61.6 
SD= 5.1 
(SDlMean)%= 8.3 
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Table A5.3.2 Individual ILLS results of SBS specimens with optical fibres embedded 
longitudinally at mid-plane 
Specimen t b Ut P(kN) 1" Observations 
number (mm) (mm) CMPa) 
2 Optical Fibres 
1 4.55 4.37 4.4 1.64 61.9 Delamination between ply 16&17 
2 4.52 4.02 4.4 1.54 63.6 Delamination between ply 11&12,19&20,24&25 
3 4.53 4.01 4.4 1.59 65.6 Delamination between ply 11&12, 15&16,19&20 
4 4.50 4.27 4.4 1.63 63.6 Delamination between ply 11&12 and 15&16 
5 4.00 3.60 5.0 1.16 60.4 Delamination between ply 11&12 
6 4.49 4.52 4.5 1.74 64.3 Delamination between ply 11&12, 15&16 
7 4.01 4.18 5.0 1.53 68.5 Delamination between ply 11&12 
8 3.88 5.64 5.2 1.90 65.1 Delamination between ply 11&12 & slightly at the 
middle of the midplane 
Ave= 64.1 
SD= 2.4 
(SDlMean)%= 3.8 
P Optical Fibres 
1 4.39 5.50 4.6 1.87 58.1 Delamination between ply 7&8,11&12,midplane, 
24-25 
2 4.45 5.39 4.5 1.93 60.3 Delamination between ply 7&8,15-16 
3 4.45 5.42 4.5 1.77 55.0 Delamination between ply 11&12, 15&16 
4 4.44 5.51 4.5 2.02 61.9 Delamination between ply 7&8, midplane, 29-30 
5 4.50 5.42 4.4 2.06 63.3 Delamination between ply 11&12 
6 4.45 5.47 4.5 1.94 59.8 Delamination between ply 11&12 and 15&16 
7 3.93 4.96 5.1 1.60 61.6 Delamination at midplane 
8 3.89 4.83 5.1 1.46 58.3 Delamination at midplane 
9 3.90 5.13 5.1 1.53 57.4 Delamination at midplane, 20-21 
Ave= 59.5 
SD= 2.6 
(SDlMean)%= 4.3 
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Table A5.3.3 Individual ILSS results of SBS specimens with optical fibres embedded 
longitudinally at quarter location 
Specimen t(mm) b Ut P(kN) 't Observations 
number (mm) (MPa) 
1 Optical Fibre 
1 3.94 4.37 5.1 1.30 56.5 delamination between plv 25 & 26 
2 3.89 3.40 5.1 1.10 62.4 no visible delamination observed 
3 3.99 4.19 5.0 1.41 63.5 delamination at midplane 
4 3.86 3.43 5.2 1.11 63.0 delamination between ply 25&26 
5 3.96 3.96 5.1 1.30 62.1 delamination between ply 11&12 
6 3.96 3.94 5.1 1.13 54.4 no visible delamination observed 
Ave= 60.3 
SD= 3.8 
(SDlMean)%= 6.4 
~ Optical Fibre 
1 3.89 4.09 5.1 1.37 64.8 delamination between ply 11 &12 
2 3.89 3.48 5.1 1.19 65.8 no delamination observed 
3 3.99 3.91 5.0 1.30 62.4 delamination between ply 25&26 
4 3.99 4.32 5.0 1.49 64.7 delamination between ply 15&16 
5 3.99 3.94 5.0 1.34 64.1 delamination between ply 25&26 
6 4.01 4.17 5.0 1.38 62.1 delamination bet ply 21&22 
Ave= 64.0 
SD= 1.4 
(SDlMean)%= 2.3 
~ Optical Fibre 
1 4.06 5.16 4.9 1.59 56.8 no delamination observed 
2 3.94 4.85 5.1 1.32 51.8 no delamination observed 
3 3.99 4.47 5.0 1.39 58.5 delamination between ply 5 &6 
4 3.94 4.32 5.1 1.41 62.0 delamination between ply 11-12, 24-25 
5 4.06 4.98 4.9 1.30 48.2 delamination at midplane 
6 4.01 4.47 5.0 1.43 59.8 delamination between ply ply 24&25 
Ave= 56.2 
SD= 5.2 
(SDlMean)%= 9.2 
5 Optical Fibre 
1 3.86 6.65 5.2 2.09 61.0 delamination between ply 11 & 12 
2 3.96 6.73 5.1 2.18 61.5 delamination between ply 21-22, 22-23 
3 3.99 6.88 5.0 2.19 59.9 delamination between ply 25&26 
4 4.01 6.93 5.0 2.39 64.4 delamination between ply 11&12 
5 3.81 6.63 5.2 1.95 58.0 delamination between ply 25&26 
6 3.96 6.83 5.1 2.17 60.0 delamination between ply 11&12 
Ave= 60.8 
SD= 2.1 
(SDlMean)%= 3.5 
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Table A5.3.4 Individual lLSS results of SBS specimens with optical fibres embedded 
transversely at mid-plane in a central arrangement 
Specimen t b Ut P(kN) or Observations 
number (mm) (mm) (MPa) 
1 Optical Fibre 
1 4.00 3.80 5.0 1.05 51.7 delamination midplane 
2 3.99 4.32 5.0 1.48 64.2 delamination between ply 11 &12 
3 3.98 4.20 5.0 1.42 63.7 delamination between ply 15&16 
4 3.99 4.01 5.0 1.14 53.3 delamination midplane 
5 4.00 4.42 5.0 1.37 58.3 delamination midplane 
6 4.00 4.14 5.0 1.27 57.7 delamination midplane 
Ave= 58.2 
SD= 5.2 
(SDlMean)%= 8.9 
/2 Optical Fibres 
1 3.80 4.80 5.3 1.33 54.7 delamination midplane 
2 3.88 4.70 5.2 1.40 57.7 delamination midplane 
3 4.00 4.50 5.0 1.27 52.9 delamination midplane 
4 4.00 4.11 5.0 1.50 68.6 delamination between ply 11&12 
5 3.98 4.28 5.0 1.62 71.3 delamination between ply 12&13 
Ave= 61.0 
SD= 8.4 
(SDlMean)%= 13.7 
13 Optical Fibres 
1 3.99 3.91 5.0 1.308 63.0 delamination between ply 20 &21 
2 3.98 4.02 5.0 1.178 55.2 delamination midplane 
3 3.98 4.10 5.0 1.385 63.6 delamination midplane 
4 3.98 4.30 5.0 1.241 54.4 delamination between ply 17&18 
5 3.98 4.14 5.0 1.355 61.6 delamination between ply 19&20, midplane 
Ave= 59.6 
SD= 4.4 
(SDlMean)%= 7.4 
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Table A5.3.5 Individual ILSS results of SBS specimens with optical fibres embedded 
transversely at mid-plane in an off-central arrangement 
Specimen t(mm) b Ut P(kN) 1: (MPa) Observations 
number (mm) 
~ Optical Fibres 
1 4.02 4.62 5.0 1.50 60.7 delamination between ply 11 &12 
2 3.98 4.47 5.0 1.49 62.7 delamination between ply 11 &12 anc 
ply 19&20 
3 4.02 4.67 5.0 1.55 61.8 delamination between ply 19&20 
4 4.02 4.25 5.0 1.42 62.5 delamination between ply 11 &12 
5 4.08 4.80 4.9 1.62 61.9 delamination midplane 
6 4.07 4.84 4.9 1.63 61.9 delamination ply 16&17 
Ave= 61.93 
SO= 0.69 
(SOlMean)%= 1.12 
~ Optical Fibres 
1 4.05 4.88 4.9 1.63 62.0 delamination midplane 
2 4.08 4.96 4.9 1.75 65.0 delamination midplane 
3 4.04 4.25 5.0 1.20 52.5 delamination midplane 
4 4.05 4.17 4.9 1.35 60.1 delamination midplane 
5 4.00 3.97 5.0 1.35 63.9 delamination midplane 
6 4.06 4.22 4.9 1.42 62.0 delamination midplane 
Ave= 60.92 
SO= 4.48 
(SOlMean)%= 7.35 
6 Optical Fibres 
1 3.87 5.48 5.2 1.6571 58.6 delamination midplane 
2 3.94 4.36 5.1 1.2949 56.5 delamination midplane 
3 3.94 5.08 5.1 1.5324 57.4 delamination midplane 
4 3.84 4.91 5.2 1.4604 58.1 delamination between ply 11 &12 
5 3.91 4.15 5.1 1.2561 58.1 delamination midplane 
6 3.90 4.97 5.1 1.53 59.3 delamination midplane 
Ave= 58.01 
SO= 0.96 
(SOlMean)%= 1.66 
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Table A5.3.6 Individual Iosipescu ILS results of intact and sensory beams with optical 
fibres embedded transversely at mid-plane and quarter location 
Specimen t distance, P(kN) "t"(MPa) ~o.S%(MPa) G(GPa) Observations 
number (mm) w(mm) 
ntact 
1* 4.03 2.07 0.62 74.9 25.0 5.0 ILSS failure at the top 
2* 4.00 2.06 0.46 56.2 33.7 6.7 ILSS failure at the bottom 
3 3.94 2.05 0.47 58.1 - - ILSS failure at the top 
4* 3.92 2.05 0.61 76.0 - - ILSS failure at the top 
5 3.90 2.03 0.61 77.4 - - ILSS failure at the bottom 
6* 3.91 2.04 0.39 49.2 32.8 6.6 ILSS failure at the top 
Ave= 3.95 2.05 0.53 65.3 30.5 6.1 
SD= 0.05 0.01 0.10 12.2 4.8 1.0 
(SDlMean)%= 1.29 0.69 18.81 18.7 15.6 15.6 
Quarter Position 
1 4.02 2.03 0.60 73.1 - - ILSS failure at the top 
2* 3.99 2.03 0.55 68.2 38.4 7.7 ILSS failure at the top& 
bottom 
3 4.00 2.09 0.58 69.2 - - ILSS failure at the top 
4 3.98 1.92 0.55 71.9 - - ILSS failure at the top 
5* 4.03 1.88 0.54 71.4 28.8 5.8 ILSS failure at the top 
6* 4.01 1.94 0.49 63.2 30.9 6.2 ILSS failure at the top 
Ave= 4.01 1.98 0.55 69.50 32.71 6.54 
SD= 0.02 0.08 0.04 3.56 5.08 1.02 
(SDlMean)%= 0.47 4.05 6.49 5.12 15.53 15.53 
Midplane 
1* 4.05 2.00 0.42 51.5 22.9 4.6 ILSS failure at top 
2 4.04 2.05 0.57 68.7 - - ILSS failure at bottom & 
midplane 
3 4.04 2.09 0.66 77.7 - - ILSS failure at bottom & 
midplane 
4* 3.99 2.03 0.52 63.9 24.5 4.9 ILSS failure at top 
5 4.00 1.97 0.54 68.9 - - ILSS failure at top 
Ave= 4.02 2.03 0.54 66.17 23.72 4.74 
SD= 0.03 0.05 0.09 9.57 1.10 0.22 
(SDlMean)%= 0.67 2.27 15.98 14.47 4.64 4.64 
* speclmens wlth surface bonded stram gauge 
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Fig. AS.3.l Load-displacement plots of SBS intact specimens 
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Fig. AS.3.2 Load-displacement plots of SBS specimens with two optical fibres 
embedded longitudinally at mid-plane 
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Fig. A5.3.3 Load-displacement plots of SBS specimens with three optical 
fibres embedded longitudinally at mid-plane 
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Fig. AS.3.4 Load-displacement plots of SBS specimens with one optical fibre 
embedded longitudinally at quarter location 
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Fig. AS.3.S Load-displacement plots of SBS specimens with two optical 
fibres embedded longitudinally at quarter location 
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Fig. AS.3.6 Load-displacement plots of SBS specimens with three optical 
fibres embedded longitudinally at quarter location 
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Fig. AS.3.7 Load-displacement plots of SBS specimens with five optical 
fibres embedded longitudinally at quarter location 
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Fig. A5.3.8 Load-displacement plots of SBS specimens with one optical fibre 
embedded transversely at mid-plane 
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Fig. AS.3.9 Load-displacement plots of SBS specimens with two optical 
fibres embedded transversely at mid-plane 
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Fig. A5.3.1O Load-displacement plots of SBS specimens with three optical 
fibres embedded transversely at mid-plane 
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Fig. A5.3.11 Load-displacement plots of SBS specimens with one optical fibre 
each positioned off centrally with respect to the mid-span in the 
transverse direction at mid-plane 
2.2 
2.0 
1.8 
1.6 
~ 1.4 
od 1.2 
" 
1.0 
.3 0.8 
0.6 
0.4 
0.2 
0.0 
0.0 0.1 
• Specimen 1 - .. - Specimen 2 
...... Specimen 3 _.)Eo-. Specimen 4 
- .~ - Specimen 5 
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 
Displacement, mm 
Fig. A5.3.12 Load-displacement plots of SBS specimens with two optical 
fibres each positioned off centrally with respect to the mid-span in 
the transverse direction at mid-plane 
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Fig. AS.3.13 Load-displacement plots of SBS specimens with three optical 
fibres each positioned off centrally with respect to the mid-span in 
the transverse direction at mid-plane 
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Fig. AS.3.14 Load-displacement plots of Iosipescu intact specimens 
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Fig. A5.3.15 Load-displacement plots of Iosipescu specimens with three optical 
fibres embedded transversely at mid-plane 
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Fig. A5.3.16 Load-displacement plots of Iosipescu specimens with three optical 
fibres embedded transversely at quarter location 
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Fig. AS.3.17 Stress-strain curves of intact Iosipescu specimen (a) one, (b) two, and (c) 
six . 
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Fig. A5.3.18 Stress-strain curves of smart Iosipescu specimen (a) one, and Cb) four 
with three optical fibres embedded transversely in mid-plane 
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Fig. A5.3.19 Stress-strain curves of smart Iosipescu specimen (a) two, (b) five, and (c) 
six with three optical fibres embedded transversely in quarter location 
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Appendix 5.4 Individual results and the respective load-displacement plots of 
flexural tests in three point-bend 
Table A5.4.1 Individual fIexural strength results of intact specimens 
Specimen t b Ut P cr oS IX ro ').. crco Observations 
number (mm) (mm) (kN) (MPa) (mm) (mm) (mm) (MPa) 
1 3.97 5.10 21.4 0.42 668.9 5.75 0.10 5.65 0.01 678.3 Flexure failure between ply 
3&4 
2 3.93 3.80 21.6 0.33 723.7 6.01 0.09 5.92 0.02 735.4 Flexure failure between ply 
3&4 
3 3.98 4.20 21.4 0.40 768.5 6.81 0.10 6.71 0.02 785.9 Flexure failure between ply 
3&4 and ply 7&8 
4 4.03 4.66 21.1 0.40 669.9 5.55 0.10 5.45 0.01 678.3 Flexure failure in mid-
plane ply3&4 and 23&24 
5 3.98 3.70 21.4 0.32 691.3 5.13 0.09 5.04 0.01 698.2 Flexure failure between ply 
4&5,8&9, 12&13,15&16 
6 3.98 4.78 21.4 0.46 771.0 5.97 0.10 5.87 0.02 783.1 Flexure failure between ply 
3&4,7&8,11&12,29&30 
7 3.96 5.10 21.5 0.51 811.7 5.44 0.11 5.33 0.01 821.4 Flexure failure between ply 
3&4,7&8,11&12, mid-
plane 
8 3.98 4.00 21.4 0.40 810.2 6.59 0.10 6.49 0.02 826.9 Flexure failure between ply 
3&4,7&8,11&12,29&30 
9 4.00 4.70 21.3 0.46 780.2 5.98 0.10 5.88 0.02 792.5 Flexure failure between ply 
3&4, 7&8, 11&12, mid-
plane 
10 3.98 5.00 21.4 0.50 811.8 4.91 0.11 4.80 0.01 818.7 Flexure failure between ply 
3&4,7&8,11&12, mid-
plane 
11* 3.90 4.24 21.8 0.37 739.5 6.57 0.09 6.47 0.02 754.9 
12* 3.90 4.33 21.8 0.35 672.9 5.87 0.09 5.78 0.02 683.2 
13* 3.90 4.30 21.8 0.36 704.2 6.41 0.09 6.31 0.02 717.9 
14* 3.87 4.93 22.0 0.42 733.2 6.87 0.10 6.77 0.02 750.5 
15* 3.95 5.05 21.5 0.41 662.1 5.80 0.10 5.70 0.01 671.7 
Ave= 3.95 4.53 21.50.41 734.6 5.98 0.10 5.88 0.02 746.5 
SD= 0.04 0.48 0.2 0.06 55.2 0.59 0.01 0.59 0.00 56.4 
(SDlMean)%= 1.13 17.30 1.1 14.1 7.5 9.82 7.58 10.0128.03 7.6 
* Results taken from reference [301] 
286 
Table A5.4.2 Individual flexural modulus results of intact specimens 
Specimen t b Ut P(kN) I PILI Ex (OPa) Exeale (OPa) Ex (OPa)-OI3 
number (mm) (mm) 
1 3.97 5.10 21.4 0.42 26.6 0.079 38.2 41.6 36.7 
2 3.93 3.80 21.6 0.33 19.2 0.064 42.5 42.9 38.3 
3 3.98 4.20 21.4 0.40 22.1 0.065 37.7 41.3 35.4 
4 4.03 4.66 21.1 0.40 25.4 0.077 38.6 39.8 37.6 
5 3.98 3.70 21.4 0.32 19.4 0.063 41.7 41.3 42.6 
6 3.98 4.78 21.4 0.46 25.1 0.080 40.6 41.3 40.8 
7 3.96 5.10 21.5 0.51 26.4 0.093 45.2 41.9 47.7 
8 3.98 4.00 21.4 0.40 21.0 0.066 40.2 41.3 38.7 
9 4.00 4.70 21.3 0.46 25.1 0.081 41.5 40.7 41.0 
10 3.98 5.00 21.4 0.50 26.3 0.105 51.1 41.3 52.8 
11* 3.90 4.24 21.8 0.37 21.0 0.069 41.9 43.9 36.0 
12* 3.90 4.33 21.8 0.35 21.4 0.072 42.8 43.9 36.7 
13* 3.90 4.30 21.8 0.36 21.3 0.067 40.2 43.9 35.2 
14* 3.87 4.93 22.0 0.42 23.8 0.072 38.6 44.9 34.4 
15* 3.95 5.05 21.5 0.41 25.9 0.080 39.7 42.3 36.2 
Ave= 3.95 4.53 21.5 0.41 23.3 0.08 41.4 42.2 39.3 
SD= 0.04 0.48 0.2 0.06 2.7 0.01 3.4 1.4 5.1 
(SDIMean)%= 1.13 10.56 1.1 14.06 11.4 15.44 8.1 3.4 13.0 
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Table A5.4.3 Individual flexural strength results of specimens with optical fibres 
embedded in the longitudinal direction at mid-plane 
Specimen t b Ut P cr 1) a Ol ').. crco Observations 
number (mm) (mm) (kN) (MPa) (mm) (mm) (mm) (MPa) 
1 optical fibre 
1 3.96 4.31 21.5 0.38 711.8 5.02 0.09 4.93 0.01 718.5 Flexure failure between 
ply 3&4, 7&8 
2 3.96 4.22 21.5 0.37 713.5 5.63 0.09 5.54 0.01 723.0 Delamination at mid-
plane, flexure failure on 
ply 3-4 
3 4.00 3.75 21.3 0.34 716.9 6.14 0.09 6.05 0.02 729.1 Flexure failure between 
ply 3&4, 7&8 
Ave= 3.97 4.09 21.4 0.36 714.1 5.60 0.09 5.50 0.01 723.5 
SD= 0.02 0.30 0.13 0.02 2.56 0.56 0.00 0.56 0.00 5.30 
(SDlMean) 0.61 7.41 0.61 5.90 0.36 10.02 3.21 10.24 28.91 0.73 
%= 
~ optical fibres 
1 3.99 5.00 21.31 0.45 725.3 5.48 0.10 5.38 0.01 734.1 Delamination in mid-
plane 
2 3.92 4.78 21.68 0040 700.0 5.87 0.10 5.77 0.02 710.6 Delamination in mid-
plane, flexure failure on 
ply 3-4 
3 4.11 4.61 20.69 0.42 680.8 5.56 0.10 5.46 0.01 689.2 Delamination in mid-
plane, flexure failure on 
ply 3-4 
4 3.99 5.00 21.31 0.44 710.9 5.71 0.10 5.61 0.01 720.6 Delamination in mid-
plane, flexure failure on 
ply 4-5 
5 3.99 5.08 21.31 0.43 671.4 5.49 0.10 5.39 0.01 679.6 Delamination in mid-
plane, flexure failure on 
ply 3-4, 7-8 
Ave= 4 4.89 21.26 0.43 697.7 5.62 0.10 5.52 0.01 706.8 
SD= 0.07 0.20 0.36 0.02 21.89 0.17 0.00 0.17 0.00 22.36 
(SDlMean) 1.70 3.99 1.68 4.71 3.14 2.96 2.54 3.04 9.98 3.16 
%= 
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Specimen t b Ut P cr I) a ro A crco Observations 
number (mm) (mm) (kN) (MPa) (mm) (mm) (mm) (MPa) 
3 Optical fibres 
1 3.95 5.99 21.51 0.59 804.3 6.43 0.12 6.31 0.02 819.8 Delamination in mid-
plane, bet ply 3-4, 8-9 
2 3.95 5.97 21.51 0.48 661.2 5.48 0.1I 5.37 0.01 669.3 Delamination in mid-
plane, flexure failure 
on bet pi y 3-4 
3 3.91 4.07 21.75 0.34 699.7 6.36 0.09 6.27 0.02 713.1 Delamination in mid-
plane, flexure failure 
on bet ply 3-4 
4 3.96 4.48 21.46 0.32 583.7 5.33 0.09 5.24 0.01 590.4 Delamination in mid-
plane, flexure failure 
on bet ply 3-4 
5 3.98 3.66 21.38 0.23 508.2 4.45 0.07 4.38 0.01 511.3 Delamination in mid-
plane, bet ply 8&9 and 
flexure failure on bet 
ply 3-4 
6 4.00 3.86 21.27 0.34 707.5 6.82 0.09 6.73 0.02 723.5 Flexure failure 
between ply 4&5 and 
7&8 
7 3.98 4.89 21.36 0.40 664.7 6.14 0.10 6.04 0.02 676.0 Flexure failure 
between ply 4&5 and 
7&8 
8 3.99 5.30 21.31 0.48 724.5 6.91 0.11 6.80 0.02 741.5 Flexure failure 
between ply 4&5 
9 4.04 5.54 21.06 0.44 625.9 6.29 0.10 6.19 0.02 637.1 Flexure failure 
between ply 4&5 
10 4.04 5.04 21.06 0.44 678.7 6.99 0.10 6.89 0.02 695.0 Flexure failure 
between ply 4&5 
Ave= 3.98 4.88 21.37 0.41 666 6.12 0.10 6.02 0.02 677.70 
SD= 0.04 0.84 0.21 0.10 80.9 0.81 0.01 0.80 0.01 84.95 
(SD/Mean) 0.98 17.3 0.98 25.09 12.2 13.2 13.9 13.29 33.44 12.53 
%= 
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Table A5.4.4 Individual flexural modulus results of specimens with optical fibres 
embedded in the longitudinal direction at mid-plane 
Specimen t(mm) b(mm) Ut P(kN) I P/LI Ex (GPa) 
number (mm·12) (N/mm) 
1 Optical fibre 
1 3.96 4.31 21.5 0.38 22.3 0.075 43.13 
2 3.96 4.22 21.5 0.37 21.9 0.070 40.97 
3 4.00 3.75 21.3 0.34 20.0 0.062 39.47 
Ave= 3.97 4.09 21.40 0.36 21.4 0.069 41.19 
SD= 0.02 0.30 0.13 0.02 1.21 0.007 1.84 
(SDlMean)%= 0.61 7.41 0.61 5.90 5.65 9.778 4.47 
2 Optical fibres 
1 3.99 5.00 21.31 0.45 26.4 0.088 42.73 
2 3.92 4.78 21.68 0.40 24.0 0.075 39.99 
3 4.11 4.61 20.69 0.42 26.6 0.080 38.45 
4 3.99 5.00 21.31 0.44 26.4 0.084 40.83 
5 3.99 5.08 21.31 0.43 26.9 0.088 42.09 
Ave= 4 4.89 21.26 0.43 26.1 0.083 40.82 
SD= 0.07 0.20 0.36 0.02 1.17 0.006 1.70 
(SDlMean)%= 1.70 3.99 1.68 4.71 4.50 6.891 4.17 
3 Optical fibres 
1 3.95 5.99 21.51 0.59 30.8 0.103 42.90 
2 3.95 5.97 21.51 0.48 30.7 0.097 40.26 
3 3.91 4.07 21.75 0.34 20.3 0.062 38.96 
4 3.96 4.48 21.46 0.32 23.2 0.065 35.87 
5 3.98 3.66 21.38 0.23 19.1 0.058 38.97 
6 4.00 3.86 21.27 0.34 20.5 0.064 39.90 
7 3.98 4.89 21.36 0.40 25.7 0.071 35.19 
8 3.99 5.30 21.31 0.48 28.0 0.076 34.65 
9 4.04 5.54 21.06 0.44 30.4 0.091 38.18 
10 4.04 5.04 21.06 0.44 27.6 0.073 33.98 
Ave= 3.98 4.88 21.37 0.41 25.63 0.076 37.89 
SD= 0.04 0.84 0.21 0.10 4.57 0.016 2.87 
(SDlMean)%= 0.98 17.30 0.98 25.09 17.82 20.605 7.58 
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Table A5.4.5 Individual flexural strength results of specimens with optical fibres 
embedded in the longitudinal direction at single quarter location 
Specimen t b Ut P cr /) IX (j) 'A crco Observations 
number (mm) (mm) (kN) (MPa) (mm) (mm) (mm) (MPa) 
2 Optical fibres 
1 3.78 4.95 22.5 0.40 729.7 6.01 0.10 5.91 0.02 741.9 Failure at compressive 
side (ply 4-5 & 8-9) 
2 3.73 4.94 22.8 0.38 703.0 6.09 0.09 6.00 0.02 715.3 Failure at compressive 
side (ply 4-5 & 8-9) 
3 3.78 4.96 22.5 0042 757.6 6.17 0.10 6.07 0.02 771.1 Failure at compressi ve 
side (ply4-5 & 8-9) 
4 3.78 5.03 22.5 0.41 722.2 6.09 0.10 5.99 0.02 734.7 Failure at compressi ve 
side (ply 4-5 & 8-9) 
5 3.78 5.27 22.5 0.44 738.2 5.86 0.10 5.75 0.02 749.6 Failure at compressive 
side (ply4-5 & 8-9) 
6 3.78 4.92 22.5 0041 742.9 6.01 0.10 5.92 0.02 755.3 Failure at compressive 
side (ply 4-5 & 8-9) 
Ave= 3.77 5.01 22.5 0041 732.3 6.04 0.10 5.94 0,02 744.7 
SD= 0,02 0.13 0.1 0.02 18.7 0.11 0.00 0.11 0.00 19.0 
(SDlMean) 0.54 2.63 0.5 4.62 2.6 1.76 2.50 1.81 5.04 2.6 
%= 
5 Optical fibres 
1 3.75 7.93 26.7 0.67 764.7 6.70 0.13 6.58 0,02 802.9 Failure at compressive 
side (ply 4-5, 8-9 &12-
13) 
2 3.65 7.64 27.4 0.55 683.9 6.56 0.12 6.44 0,02 7l6.4 Failure at compressi ve 
side (ply4-5) 
3 3.70 7.86 27.0 0.63 748.6 6.69 0.12 6.56 0,02 785.7 Failure at compressi ve 
side (ply4-5) 
4 3.74 8.03 26.7 0.66 751.1 6.54 0.13 6.42 0.02 788.4 Failure at compressive 
side (ply 4-5 & 8-9) 
5 3.77 7.87 26.5 0.61 691.9 6.02 0.12 5.90 0.02 726.3 Failure at compressive 
side (ply4-5) 
Ave= 3.72 7.87 26.9 0.62 728.0 6.50 0.12 6.38 0.02 763.9 
SD= 0.05 0.14 0.3 0.05 37.3 0.28 0.01 0.28 0.00 39.6 
(SDlMean) 1.28 1.82 1.3 7.97 5.1 4.29 4.36 4.35 11.5 5.2 
%= 
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Table A5.4.6 Individual flexural modulus results of specimens with optical fibres 
embedded in the longitudinal direction at single quarter location 
Specimen t(mm) b(mm) Ut P(kN) I PILI Ex (GPa) 
number (mm-12) (N/mm) 
12 Optical fibres 
1 3.78 4.95 22.5 0.40 22.3 0.075 43.07 
2 3.73 4.94 22.8 0.38 21.4 0.071 42.52 
3 3.78 4.96 22.5 0.42 22.3 0.078 44.42 
4 3.78 5.03 22.5 0.41 22.6 0.073 41.44 
5 3.78 5.27 22.5 0.44 23.7 0.086 46.30 
6 3.78 4.92 22.5 0.41 22.1 0.078 45.09 
Ave= 3.77 5.01 22.5 0.41 22.41 0.08 43.81 
SD= 0.02 0.13 0.1 0.02 0.77 0.01 1.79 
(SDlMean)%:= 0.54 2.63 0.5 4.62 3.43 6.705 4.08 
~ Optical fibres 
1 3.75 7.93 26.7 0.67 34.8 0.113 41.61 
2 3.65 7.64 27.4 0.55 31.0 0.097 40.15 
3 3.70 7.86 27.0 0.63 33.2 0.105 40.58 
4 3.74 8.03 26.7 0.66 35.0 0.117 42.81 
5 3.77 7.87 26.5 0.61 35.1 0.112 40.66 
Ave= 3.72 7.87 26.9 0.62 33.83 0.11 41.16 
SD= 0.05 0.14 0.3 0.05 1.79 0.01 1.07 
(SDlMean)%:= 1.28 1.82 1.3 7.97 5.29 7.215 2.59 
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Table A5.4.7 Individual fIexural strength results of specimens with optical fibres 
embedded in the transverse direction at mid-plane 
Specimen t b Ut P CJ 8 Cl. (0 A. Q"co Observations 
number (mm) (mm) (kN) (MPa) (mm) (mm) (mm) (MPa) 
1 Optical fibre 
1 3.90 4.50 21.79 0.32 603.8 5.44 0.09 5.35 0.01 611.1 Flexure failure 
between ply 3&4, 
7&8,11&12,29&30 
2 3.88 4.70 21.91 0.33 587.5 6.44 0.09 6.35 0.02 599.2 FJexure failure 
between ply 3&4, 
7&8, 11&12,24&35, 
29&30 
3 3.82 4.32 22.25 0.29 578.0 6.98 0.08 6.90 0.02 592.4 Flexure failure 
between ply 3&4, 
7&8,29&30 
4 3.80 4.52 22.37 0.36 707.2 6.90 0.09 6.81 0.02 724.3 Flexure failure 
between ply 3&4, 
7&8,11&12, 
midplane 
5 3.78 4.78 22.49 0.41 765.0 8.21 0.10 8.11 0.04 793.8 Flexure failure 
between ply 3&4, 
7&8,11&12, 
midplane, 24-25,29-
30 
6 3.90 5.04 21.79 0.44 738.6 6.22 0.10 6.12 0.02 751.8 Flexure fail ure 
between ply 3&4, 
7&8,29&30 
Ave= 3.85 4.64 22.10 0.36 663.35 6.70 0.09 6.61 0.02 678.8 
SD= 0.05 0.25 0.31 0.06 83.08 0.93 0.01 0.92 0.01 88.33 
(SD/Mean) 1.38 5.44 1.38 16.49 12.53 13.82 8.87 13.9837.84 13.01 
%= 
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Specimen t b Ut P a cS (J. (j) A aco Observations 
number (mm) (mm) (kN) (MPa) (mm) (mm) (mm) (MPa) 
200tical fibre 
1 3.96 5.04 21.44 0.40 648.0 6.44 0.10 6.34 0.02 660.6 Flexure failure 
between ply 3&4, 
7&8,24&25,29&30 
2 3.99 5.18 21.29 0.46 715.0 6.25 0.11 6.14 0.02 727.7 Flexure failure 
between ply 3&4, 
7&8,20&21, 
midplane, 24-25, 29-
30 
3 3.96 5.43 21.44 0.51 758.0 6.60 0.11 6.49 0.02 773.7 Flexure failure 
between ply 3&4, 
7&8, 11&12, 
midplane 
4 3.98 4.40 21.36 0.37 672.3 6.64 0.09 6.55 0.02 686.6 Flexure failure 
between ply 3&4, 
7&8, 
11&12,midplane 
5 4.00 4.00 21.25 0.28 561.1 6.60 0.08 6.52 0.02 572.8 Flexure failure 
between ply 3&4, 24-
25,29-30 
6 3.92 5.00 21.68 0.44 728.5 6.68 0.10 6.58 0.02 744.2 Flexure failure 
between ply 4&5, 
midplane,24-25,29-
30 
Ave= 3.97 4.84 21.41 0.41 680.48 6.54 0.10 6.44 0.02 694.27 
SD= 0.03 0.53 0.15 0.08 70.55 0.16 0.01 0.16 0.00 71.95 
(SDlMean) 0.72 11.04 0.72 19.35 10.37 2.47 10.80 2.56 7.02 10.36 
%-
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Specimen t b Ut P CJ 0 a (0 A CJco Observations 
number (mm) (mm) (kN) (MPa) (mm) (mm) (mm) (MPa) 
3 Optical fibre 
1 3.99 4.77 21.29 0.39 660.9 5.76 0.10 5.66 0.01 670.2 F1exure failure 
between ply 3&4, 
20&21,midplane,24-
25,29-30 
2 3.96 4.54 21.44 0.36 647.9 6.90 0.09 6.81 0.02 663.1 F1exure failure 
between ply 3&4, 
7&8,24&25,29&30 
3 3.96 5.20 21.44 0.43 670.9 6.37 0.10 6.27 0.02 683.5 Flexure failure 
between ply 3&4, 
7&8,11&12, 
24&25,29&30 
4 3.80 4.38 22.37 0.39 786.7 6.29 0.10 6.19 0.02 801.6 Flexure failure 
between ply 3&4, 
20&21,midplane,24-
25,29-30 
5 3.82 4.30 22.25 0.35 716.1 5.65 0.09 5.56 0.01 726.1 Flexure failure 
between ply 3&4, 
7&8,29&30 
6 3.80 4.56 22.37 0.42 810.0 6.40 0.10 6.30 0.02 826.0 Flexure failure 
between ply 3&4, 
20&21,24-25,29-30 
Ave= 3.89 4.63 21.86 0.39 715.42 6.23 0.10 6.13 0.02 728.42 
SD= 0.09 0.33 0.52 0.03 68.64 0.46 0.00 0.46 0.00 70.06 
(SD/Mean) 2.37 7.06 2.37 7.73 9.59 7.39 4.18 7.49 20.12 9.62 
%= 
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Table A5.4.8 Individual flexural modulus results of specimens with optical fibres 
embedded in the transverse direction at mid-plane 
Specimen t(mm) b Ut P I PILI Ex (GPa) 
number (mm) (kN) (mm-12) (N/mm) 
1 OI>.tical fibre 
1 3.90 4.50 21.79 0.32 22.2 0.065 37.39 
2 3.88 4.70 21.91 0.33 22.9 0.054 30.39 
3 3.82 4.32 22.25 0.29 20.1 0.045 28.44 
4 3.80 4.52 22.37 0.36 20.7 0.060 37.35 
5 3.78 4.78 22.49 0.41 21.5 0.057 34.10 
6 3.90 5.04 21.79 0.44 24.9 0.080 41.25 
Ave= 3.85 4.64 22.10 0.36 22.1 0.060 34.82 
SD= 0.05 0.25 0.31 0.06 1.74 0.012 4.80 
(SDlMean)%= 1.38 5.44 1.38 16.49 7.87 19.814 13.79 
~ Optical fibres 
1 3.96 5.04 21.44 0.40 26.1 0.069 33.94 
2 3.99 5.18 21.29 0.46 27.5 0.087 40.57 
3 3.96 5.43 21.44 0.51 28.2 0.086 38.87 
4 3.98 4.40 21.36 0.37 23.1 0.061 33.69 
5 4.00 4.00 21.25 0.28 21.3 0.048 28.84 
6 3.92 5.00 21.68 0.44 25.1 0.074 37.76 
Ave= 3.97 4.84 21.41 0.41 25.2 0.071 35.61 
SD= 0.03 0.53 0.15 0.08 2.62 0.015 4.29 
(SDlMean)%= 0.72 11.0 0.72 19.35 10.4 21.056 12.05 
~ Omical fibres 
1 3.99 4.77 21.29 0.39 25.3 0.075 38.10 
2 3.96 4.54 21.44 0.36 23.6 0.062 33.67 
3 3.96 5.20 21.44 0.43 27.0 0.076 35.93 
4 3.80 4.38 22.37 0.39 20.0 0.072 45.69 
5 3.82 4.30 22.25 0.35 20.0 0.069 44.20 
6 3.80 4.56 22.37 0.42 20.9 0.075 45.82 
Ave= 3.89 4.63 21.86 0.39 22.8 0.071 40.57 
SD= 0.09 0.33 0.52 0.03 2.97 0.01 5.33 
(SDlMean)%= 2.37 7.06 2.37 7.73 13.0 7.381 13.14 
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Table A5.4.9 Individual flexural strength results of specimens with optical fibres 
embedded in the transverse direction at single quarter location 
Specimen t b Ilt P CI Il a ()) A CIco Observations 
number (mm) (mm) (kN) (MPa) (mm) (mm) (mm) (MPa) 
1 Optical fibre 
1 3.77 4.23 22.55 0.33 690.9 5.84 0.09 5.75 0.02 701.6 Flexure failure between 
ply 3&4,7&8,24&25, 
29&30 
2 3.74 5.56 22.73 0.42 689.9 6.28 0.10 6.18 0.Q2 703.0 Flexure failure between 
ply 3&4 and 7&8 
3 3.71 4.48 22.91 0.33 672.6 5.52 0.09 5.43 0.01 681.6 Flexure failure between 
ply 3&4, 7&8, 11&12 
4 3.68 4.03 23.10 0.28 656.1 5.34 0.08 5.26 0.01 664.2 Flexure failure between 
ply 3&4, 7&8,29&30 
Ave= 3.73 4.58 22.82 0.34 677.4 5.75 0.09 5.66 0.02 687.6 
SD= 0.04 0.68 0.24 0.06 16.5 0.41 0.01 0.40 0.003 18.41 
(SDlMean) 1.04 14.91 1.04 17.44 2.43 7.18 9.26 7.15 19.56 2.68 
%= 
12 Optical fibres 
1 3.55 4.58 23.94 0.31 691.7 6.72 0.09 6.63 0.02 707.9 Flexure failure between 
ply 3&4 and 7&8 
2 3.67 4.96 23.16 0.36 683.0 6.02 0.09 5.93 0.02 694.7 Flexure failure between 
ply 3&4, 7&8, 24&25, 
29&30 
3 3.68 4.58 23.10 0.34 698.5 6.14 0.09 6.05 0.02 711.2 Flexure failure between 
ply 3&4, 7&8,11&12 
4 3.47 4.53 24.50 0.25 577.6 7.17 0.08 7.09 0.03 593.9 Flexure failure between 
ply 3&4, 7&8, 
11&12,29&30 
5 3.53 5.02 24.08 0.33 668.0 7.71 0.09 7.62 0.03 690.3 Flexure failure between 
ply 3&4, 7&8,11&12, 
midplane, 29&30 
Ave= 3.58 4.73 23.76 0.32 663.8 6.75 0.09 6.67 0.02 679.59 
SD= 0.09 0.24 0.61 0.04 49.49 0.71 0.01 0.71 0.01 48.70 
(SDlMean) 2.56 4.98 2.56 13.38 7.46 10.48 7.46 10.6728.45 7.17 
%= 
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Specimen t b Ut P (J Il CC w A (Jco Observations 
number (mm) (mm) (kN) (MPa) (mm) (mm) (mm) (MPa) 
~ Optical fibres 
1 3.68 5.53 23.10 0.37 625.8 6.46 0.09 6.37 0.Q2 638.8 Flexure failure between 
ply 3&4 and 
del ami nation between 
ply 7&8 
2 3.72 4.95 22.85 0.39 720.6 6.47 0.10 6.37 0.02 735.5 Flexure failure between 
ply 3&4 and 
delamination between 
ply 7&8 
3 3.64 3.59 23.35 0.22 590.7 7.24 0.07 7.17 0.03 607.4 Flexure failure between 
ply 3&4,7&8,11&12, 
midplane 
4 3.73 4.70 22.79 0.37 719.8 6.32 0.09 6.23 0.02 733.7 Flexure failure between 
ply 3&4, 7&8, 29&30 
Ave= 3.69 4.69 23.02 0.34 664.2 6.62 0.09 6.53 0.Q2 678.83 
SD= 0.04 0.81 0.26 0.08 66.21 0.42 O.oI 0.43 0.00 65.66 
(SDlMean) 1.11 17.33 1.1223.10 9.97 6.30 13.34 6.56 18.26 9.67 
%= 
~ Optical fibres 
1 3.68 5.36 23.1 0.38 666.0 6.71 0.09 6.62 0.Q2 681.2 Flexure failure between 
ply 3&4 and 
delamination between 
ply 7&8 
2 3.84 4.48 22.1 0.34 660.9 5.32 0.09 5.23 0.01 668.6 Flexure failure between 
ply 3&4, 7&8,11&12 
3 4.00 4.47 21.3 0.39 702.2 6.17 0.10 6.07 0.Q2 714.3 Flexure failure between 
ply 3&4 and 
delamination between 
ply 7&8 
4 3.76 4.32 22.6 0.35 738.9 5.39 0.09 5.30 0.01 748.0 Flexure failure between 
ply 3&4 and 
delamination between 
ply 7&8 
Ave= 3.82 4.66 22.3 0.37 692.1 5.90 0.09 5.80 0.Q2 703.02 
SD= 0.12 0.41 0.68 0.Q2 31.43 0.58 0.00 0.57 0.00 30.88 
(SDlMean) 3.10 8.81 3.06 5.52 4.54 9.76 2.98 9.88 28.27 4.39 
%-
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Table A5.4.1O Individual flexural modulus results of specimens with optical fibres 
embedded in the transverse direction at mid-plane 
Specimen t(mm) b(mm) Ut P(kN) I PILI Ex (GPa) 
number (mm'12) (N/mm) 
1 Optical fibre 
1 3.77 4.23 22.55 0.33 18.9 0.061 41.34 
2 3.74 5.56 22.73 0.42 24.2 0.077 40.47 
3 3.71 4.48 22.91 0.33 19.1 0.072 48.16 
4 3.68 4.03 23.10 0.28 16.7 0.059 45.10 
Ave= 3.73 4.58 22.82 0.34 19.73 0.067 43.77 
SD= 0.04 0.68 0.24 0.06 3.19 0.008 3.55 
(SDIMean)%= 1.04 14.91 1.04 17.44 16.14 12.63 8.11 
~ Optical fibres 
1 3.55 4.58 23.94 0.31 17.1 0.052 38.71 
2 3.67 4.96 23.16 0.36 20.4 0.061 38.20 
3 3.68 4.58 23.10 0.34 19.0 0.060 40.36 
4 3.47 4.53 24.50 0.25 15.8 0.041 33.53 
5 3.53 5.02 24.08 0.33 18.4 0.052 35.92 
Ave= 3.58 4.73 23.76 0.32 18.14 0.053 37.34 
SD= 0.09 0.24 0.61 0.04 1.79 0.01 2.66 
(SDIMean)%= 2.56 4.98 2.56 13.38 9.87 14.96 7.12 
~ Optical fibres 
1 3.68 5.53 23.10 0.37 23.0 om 37.14 
2 3.72 4.95 22.85 0.39 21.2 om 41.17 
3 3.64 3.59 23.35 0.22 14.4 0.04 32.51 
4 3.73 4.70 22.79 0.37 20.3 0.06 40.50 
Ave= 3.69 4.69 23.02 0.34 19.74 0.06 37.83 
SD= 0.04 0.81 0.26 0.08 3.71 0.01 3.96 
(SDIMean)%= 1.11 17.33 1.12 23.10 18.77 25.388 10.46 
5 Optical fibres 
1 3.68 5.36 23.10 0.38 22.3 0.06 36.40 
2 3.84 4.48 22.14 0.34 21.1 om 42.37 
3 4.00 4.47 21.25 0.39 23.8 om 38.82 
4 3.76 4.32 22.61 0.35 19.1 om 47.91 
Ave= 3.82 4.66 22.27 0.37 21.59 om 41.38 
SD= 0.12 0.41 0.68 0.02 1.71 0.00 4.33 
(SDIMean)%= 3.10 8.81 3.06 5.52 7.93 5.14 10.47 
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Fig. AS.4.1 Load-displacement plots of flexural intact specimens 
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Fig. AS.4.2 Load-displacement plots of flexural specimens with one optical 
fibre embedded longitudinally at mid-plane 
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Fig. AS.4.3 Load-displacement plots of flexural specimens with two optical 
fibres embedded longitudinally at mid-plane 
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Fig. AS.4.4 Load-displacement plots of flexural specimens with three optical 
fibres embedded longitudinally at mid-plane 
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Fig. A5.4.5 Load-displacement plots of flexural specimens with two optical 
fibres embedded longitudinally at single quarter location 
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Fig. A5.4.6 Load-displacement plots of flexural specimens with five optical fibres 
embedded longitudinally at single quarter location 
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Fig. A5.4.7 Load-displacement plots of flexural specimens with one optical 
fibre embedded transversely at mid-plane 
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Fig. A5.4.8 Load-displacement plots of flexural specimens with two optical fibres 
embedded transversely at mid-plane 
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Fig. A5.4.9 Load-displacement plots of flexural specimens with three optical 
fibres embedded transversely at mid-plane 
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Fig. A5.4.10 Load-displacement plots of flexural specimens with one optical fibre 
embedded transversely at single quarter location 
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Fig. AS.4.11 Load-displacement plots of flexural specimens with two optical 
fibres embedded transversely at single quarter location 
~ 
-d' 
'" 0 ~ 
0.7 
0.6 
0.5 
0.4 
0.3 
0.2 
0.1 
0 
0 1 2 3 4 
• Specimen 1 - -. - Specimen 2 
- ... - Specimen 3 - -* - Specimen 4 
S 6 7 
I 
JI/IIjA 
8 9 
Displacement, mm 
Fig. A5.4.12 Load-displacement plots of flexural specimens with three optical 
fibres embedded transversely at single quarter location 
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Fig. A5.4.13 Load-displacement plots of flexural specimens with five optical 
fibres embedded transversely at single quarter location 
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Appendix 6.1 OOIBase32 Spectrometer Operating Software 
OOIBase32 spectrometer operating software is an advanced acquisition and displayed 
program that provides a real time signal processing for fibre optic sensing systems. The 
software allows immediate evaluation of the experimental set-up effectiveness and data 
processing selections. Any necessary changes to these parameters can be decided and made 
directly. Their basic menu functions and features, as shown in Fig. A6.1.1, will be 
explained but only limited to for the purpose of processing signals from EFPI wavelength-
shift systems. Further instructions on other commands may be obtained from the 
OOIBase32 spectrometer operating software manual [312]. 
Fig. A6.1.1 A general display in the OOIBase32 software spectral window 
and menu functions 
File menu functions 
'En New 
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This function allows a new spectral window for displaying to be created. An alternative, a 
new spectral window may be produced by selecting File I New from the menu. 
I~I: Open 
The purpose of the Open function is to provide an open dialog box under Files of Type, 
consisting of a choice either Processed Spectra, 32 SPC Files, or All Files, as shown in Fig. 
A6.1.2(a). If the function Open is selected from File I Open in the menu, specific file type 
consisting of dark, sample dark, reference, sample, processed or experiment data files can 
be chosen, as shown in Fig. A6.1.2(b). The description of these data files will be explained 
under the Save function. 
Op~n Processed Spectra 1 " ' " 6 El 
i r I 
(a) (b) 
Fig. A6.1.2 The options available when the Open function is selected from the (a) 
toolbar, and (b) menu 
Sometimes, the selected data file may not have the similar acquisition parameter of the file 
currently open and a warning box appears, as shown in Fig. A6.1.3. This prompt allows the 
user to change the acquisition parameter, ignore the disparity, or cancel the retrieving 
process of the new data file. 
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File Open Mismatch Warning El 
, , ,,, i", .' ", " ,"':,1,,1':'i':" , ,: <,;:" 
The acquisition parameters of the file D;\M,Y Documents\L3b Results\EFPI\ls·2.Master.scope,ao',not match the current:' 
acquisition parameters" : ;;~, i':;;' " ,r, ,:i!:;':l!!:)};: 'il;:i ':: oi','" ' 
SeiialNi.lmbet M~ch: File; Cu"ci,tliJ34~iY . .. ';'," ~n~:g:~~~eT~~~ ~;:~~~~;' o~l~i~~IOd;v~:t~~ ;;~ore than 0.050 nm,: i:Xi;~'!J;i[ !!!:>iYii <", ',' 
~~~I~:~~l~,~~ ~~:"~;~~:~.I~fom ,th~;:fii~~;i'A:~;'~~~rii~~ acq,~isition parameters. 
'No I. 
---
Fig. A6.1.3 An example of a mismatch warning prompt 
Save 
The Save function has the similar open dialog box and file types as the Open function, as 
shown in Fig. A6.1.4. When the data or signals are saved, all active channels in the spectral 
window will also be stored accordingly. 
SO'le PJOces;ed Spectra 6D 
Is·1.Mastel.scope 
Is·2Master.scopo 
1s·3.Master.scopo 
. 1s·4.Master.scope 
~em0l3.Mast"r.~cop" 
seMor3a·shift,Mastor.$COpo 
senoor3b-shiftM aster,scope 
Fig. A6.1.4 The options available when the Save function is selected from the (a) toolbar, 
and (b) menu 
Dark 
This command automatically saves all spectrums that are taken when there is no light 
being transmitted or when light path is blocked. 
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Sample Dark 
Similar to Dark except the integration time of the recorded spectrum is set to that which 
will be used for obtaining the sample or the sensor spectrum. This command is only 
applied if the light source or reference spectrum and the sensor spectrum have a different 
integration time and is saved while in an operating mode known as time normalisation 
mode. Thus, this option is not applied for this current application. 
Reference 
A reference spectrum is the light source spectrum without any sample or sensor being 
connected in between. 
Sample 
This command saves the spectrum of the signal provided by the sample or in this case, the 
sensor. All raw data or signals are saved by default in this file type when the software 
operates in scope mode. 
Processed 
This option is only available if the software is set to absorbance, transmission or irradiance 
operating mode and is only activated if the Dark and Reference spectrum is obtained 
earlier. 
Experiment 
This command allows the stored dark, reference, sample and processed spectrums with all 
the corresponding overlays and acquisition parameters in the experiment to be saved. 
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ijj\ Print 
This function allows the spectrum or graph to be printed without any background images 
appearing. A preview of the spectrum may be obtained by selecting File 1 Print Preview 
from the menu. Additionally, the type and configuration of printer used to print the 
spectrum can be changed by selecting File 1 Print Setup from the menu. 
Edit menu functions 
Copy Spectral Data 
This functions allow the numerical values from the spectrum be copied to the Windows 
clipboard. This spectrum information may be copied from all active spectrometer channels 
or from selected spectrometer channels, with their overlays simultaneously, as shown in 
Fig. A6.1.5 (a). The resultant spectrum data is tab delimited, and includes wavelength and 
intensity information, which later can be transferred into Microsoft Excel application for 
post processing, as shown in Fig. A6.1.5 (b). 
(a) 
~, ~_........L:......!t.".J,",;;'U:'::'·_S-_~~J_, ___ Q..~:.d 
!" MasterWl., ',MastarDala Overlay 1 WlOverlay.' Data 
t ~ O~ ~~ 0 
"350.35; 0: 696.9 0 
4 351].71 :":'::,':'zHil1I 697.06 24.685 
.,f: ,351·05 . 21.92: 697.21 26.217 
____ 351.41...... 23.811 697.37 28.885' 
~i :-- ,~~i~i· .... " ':B~~ :i:~~ ~:~~~: 
~ 352.45, -, 3].9;2' 697.83 25.217! 
.0 352.8' 27.811! 697.98' 23.885' 
i1 353.15" 23.921 6ge,13 31.217 
·2 353.5;', . 29.811: 698.29 26,665 
(b) 
Fig. A6.1.5 The numerical data of the spectrum is selected from (a) menu and 
(b) is later transferred to Microsoft Excel application for post 
processing 
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r~1 Copy Graphical Spectra 
The graphical spectrum may be copied to the Windows clipboard by clicking on the copy 
icon or selecting Edit I Copy Graphical Spectra from the menu. Similar to the Copy 
Spectral Data, the graphic can be pasted into any application such as Microsoft Word and 
Excel. 
This copy icon may interchange from copying graphical spectral to copying spectral data 
by selecting Edit I Settings I Mise. Settings. When selected, a dialog box with a variety of 
options are displayed and under "When Using Copy Toolbar Button Function" option bar, 
a choice of either copy spectral data for all channels or for selected channels is given, as 
shown in Fig. A6.l.6. 
Fig. A6.1.6 A dialog box for changing the copy icon from copying 
graphical spectral to copy spectral data or vice versa 
View Menu Functions 
Display Properties 
This command allows the plotted spectrum to be redesigned according to style, width, size, 
pattern and colour, as shown in Fig. A6.1.7. 
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Fig. A6.1.7 Dialog box for display properties 
Active Line Type 
These settings allow the line design connecting the data points in an active spectrum to be 
configured. The Line Style sets the style, the Line Width sets the pixel width, and the 
Line Color sets the line colour respectively. 
Active Point Type 
This option allows the points representing each pixel in an active spectrum to be 
configured. The Point Style sets the style option of solid, dotted, dashed or etc, the Point 
Size sets its size, the Fill Pattern sets the pattern option of solid, crosshatch or etc, and the 
Fill Color sets the colour of the points. 
Overlay Line Type 
The setting options available are same as in active line type except it is applied in the 
overlay spectrum. 
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Overlay Point Type 
The options available are similar to active point type except it is applied in the overlay 
spectrum. 
Spectrum Scale 
TflTI Autoscale 
By selecting this function, the vertically scale of the spectrum in the current spectral 
window is adjusted in such a way it fills the display. 
ImSetScale 
This function allows the minimum and maximum limit of both wavelength and amplitude 
axes to be specified, as shown in Fig. A6.1.8. 
Fig. A6.1.8 Dialog box for set scale function 
i+IUnscale 
This function allows the scale to be reset. 
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Cursor 
This function enables or disables the display of a vertical cursor for the spectral window. 
!I:?I: Configure 
This function allows the redesigning of the cursor based on its style, width and colour 
while assigning the cursor a specific spectrometer channel, as shown in Fig. A6.1.9. The 
cursor can also be configured to read a position at a pre-set precision value. 
Fig. A6.1.9 Displayed dialog box for configuring the cursor 
Overlay Menu Function 
Select to add overlay 
This function allows up to 8 spectrums to be overlaid for each spectral window. When this 
function is selected, a file open dialog box appears, as shown in Fig. A6.1.10, which allow 
the user to choose the intended overlay spectrum from the saved spectrum files. If the 
overlay spectrum is no longer required, it can be automatically removed by selecting the 
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unwanted file, as shown in Fig. A6.1.11. In order to avoid an overlay spectrum to be 
cleared from a spectral window unintentionally, a warning prompt, as shown in Fig. 
A6.1.12 may be set by checking the "Warn Before Overlay Spectrum is Cleared" box in 
the Edit I Settings I Mise. Settings menu as shown in Fig. A6.1.6. 
Clear All 
This option allows all displayed overlays in the current spectral window to be removed. 
Load Dala into Oyerl .. , Slol' 6 E3 
L'ok"I.2:l.",:,."~.~ mm ••••••••••••••••••• :::1 L@tiJ'~ ~.!1il1I .. " 
I l~ 10th.Master,scope .. ltt.Masleucope !;;). "th.Masler.scope !!!I. 2nd.Master.scope ~ 12th.MlIster.scOjJe ~ 3rd,Master.$cope li~r~ 13thMaW,r,scope ~4th.M"$l.er,scope 
,~14th.Masler,$cope ~ 5th.Master.scope 
'. 15(hMasler,scope ~ 6th.Master,;cope 
\Ill 7th,Master.scope 
.. SthMMler.scope 
~ SthMMler.setlp& 
~ datum.Ma&ter.scope 
. CC: .. :::.'~~~~~~. 
filii; of 1YPe; ;,..0:,010 .:E"j]':':i:': D;::'j"iiF.,ile;i":::iimiJiiiilii3'liliiiiffil'· 
'" ..... : ...... . 
Fig. A6.1.1 0 Dialog box for 
selecting the spectrum 
required for overlaying 
I! 
I 
I 
., 1 D \My Documents\Lab Results\EFPI\stuftlng\$hifllng 6\1st Master scope tm 
·I,~ .•. , .. ~i",~p""m?0'IL.b R ,,,',,lE FPII,hlltln,l,hiltln, 6\2rnJ. M",,,.',,,. 
; !.i.;(~. ·i.:·i."!.S.'.J~~,t ... ". add~. verlay;,. , , ; , l> ~:'7,~elect to add overlo!l9,,, ' 
,n:~::,;:,',Sel;;ct, to add oVeIlay... ., ' 
b .6.' ··'Select to add overlay... " 
z- . 
Fig. A6.1.11 The first overlaid spectrum 
is removed by selecting it 
(highlighted in blue) 
==================== ... 
Fig. A6.1.12 An example of a warning prompt to prevent an incorrect overlaid 
spectrum from being cleared in the spectral window 
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Spectrum Menu Functions 
~ilT~ Configure Data Acquisition 
This function allows the data acquisition for all active channels in a specific spectral 
window to be set, although it can be done directly on the acquisition parameters menu 
shown on the screen toolbar, as shown in Fig. A6.1.13. 
Fig. A6.1.13 The acquisition parameters toolbar 
Integration Time 
The integration time of a spectrometer is the period taken for the in-built CCD detector to 
receive the incoming optical signals. The value entered is in milliseconds and it is 
recommended that the time be adjusted in such a way that an intensity signal of -3500 
counts is produced while in scope mode. However, other factors such the spectra to 
average and boxcar values do contribute in achieving the maximum intensity signal. 
Spectra to Average 
This parameter influences the signal to noise (SNR) ratio of the spectrometer. A large 
value provides a higher SNR because a large number of discrete spectral acquisitions are 
accumulated before it is read by the spectrometer. The SNR improves by the square root of 
the number of spectral averaged. 
Boxcar 
This parameter provides an average across the spectral data by averaging a group of 
adjacent detector elements in such a way that a smooth spectrum is obtained. The greater 
is this value, the smoother the spectrum and the higher is the SNR. On the other hand, a 
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loss in the spectral resolution will occur if the value is excessively high. The SNR 
improves by the square root of the number of pixels averaged. 
Flash Delay and Strobe Enable 
In order for both of these parameters to function, an ADC 1000 AID card and an external 
strobe source is needed. As the present USB2000 spectrometer and current application 
does not require an AID card and a strobe source respectively. Thus, both of these 
parameter are not applied. 
Correct for Electrical Dark 
This parameter allows the compensation for the drift in the dark signal. When this 
parameter is applied, the average value of the first 24 pixels in the spectrometer is 
subtracted from the entire spectrum. 
Summary of the Remaining Functions 
Icon Function 
Store Dark I Store Global Dark 
To store a dark spectrum for designated or all active spectrometer channels 
while the light path to the sensor or sample is blocked. 
GJ Store Reference / Store Global Reference To store a reference spectrum for designated or all active spectrometer 
channels while the light source is transmitted without any sensor or sample 
connected. 
![l Snapshot I Global Snapshot 
Terminates the data acquisition processes and freezes the activity in a 
designated or all spectral windows. To resume acquisition, simply reselect the 
snapshot icon. 
~ Emergency Reset ~ To reset all acquisition parameters for a spectral window. When this function is 
selected, the integration time is set to 100msec, the averages is set to 1, the 
boxcar smoothing function is switched off and all external triggering is 
disabled. 
i~' Kick Start To immediately start data acquisition or restart the existing acquisition loops 
without resetting any acquisition parameters. 
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Icon Function 
1S1 Scope Mode The signal graphed viewed in this mode is based on raw signals coming out ~
from the spectrometer. When operating in this mode, the integration time can 
be adjusted, allows the set-up to be configured, and allows the dark and 
reference spectrum to be recorded. 
'W' Scope Mode Minus Dark 
:.""",,,,: This function allows the dark spectrum to be removed from each channel prior 
to displaying of the spectrum when in scope mode. This command is useful for 
determining the change in an emission spectrum or removing any fixed pattern 
noise caused by very long integration times. However, this command only 
functions in scope mode. 
:2fl Absorbance Mode 
" The current spectral window switches and operates in Absorbance mode in 
which is used for obtaining solutions relating to the concentration of species 
within it. This mode only functions if both the dark and reference spectra are 
stored. 
j:j Transmission Mode The current spectral window switches and operates in Transmission mode in 
which can also be used as Reflection mode. This mode only functions if both 
the dark and reference spectra are stored. 
[%J Relative Irradiance Mode 
The current spectral window switches and operates in Relative Irradiance 
Mode in which allows the intensity of a light source relative to a reference 
emission source be measured. Thus, a reference spectrum from a blackbody of 
a known colour temperature must stored prior to functioning. 
"3ill Configure ~.,.. ' l~ To allow the configuration of a spectrometer. 
I~ Cursor Control Move cursor to the next left peak 
Oil Cursor Control ':!r Move cursor 25 pixels to the left 
0 Cursor Control ! ' Move cursor 1 pixel to the left 
rll!!,I Cursor Control 
~ Move cursor 1 pixel to the right 
[J Cursor Control Move cursor 25 pixels to the right 
~ Cursor Control lil:AI,j Move cursor to the next right peak 
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